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One of the important factors in reservoir management involves employment of a flood 
early warning system that predicts large surface runoff before their actual arrival in a 
holistic and integrated manner. For urban scales, heavy precipitation events need to be 
forecast to be able to be prepared for a flash flood. This becomes more important in a 
changing climate should more heavy rainfall events occur. This is in turn linked to 
reservoir management. The overall objective of this study is to improve the 
forecasting accuracy of the precipitation in the Singapore region by means of rainfall 
forecasting and nowcasting.  
The Weather Research and Forecasting Model (WRF) was applied over 
Singapore and its neighboring region for rainfall forecasting. Its performance was 
evaluated on various rainfall events to ensure its ability to provide credible forecasts. 
A rainfall nowcasting method using a Translation Model (TM) was also applied, 
which incorporates the   radar measurements.  
Based on the results obtained from the TM and the WRF, a combined rainfall 
forecasting was constructed. Weighting factors of 0.7 and 0.3 have been used and 
assigned to results from TM and WRF, respectively. Results presented in this thesis 
consist of the individual results from WRF and TM and the results from the 
Combined Rainfall Forecasting. The combined rainfall forecasting covered the full-
span of 24 hours forecasting by combining the WRF results and TM results to provide 
an improved rainfall forecasting. Combined rainfall forecasting provides more 
 viii 
accurate results than rainfall forecasts from a single combined member.  
Finally, an urban rainfall-runoff model SOBEK was implemented to simulate the 
flood and a reasonably good performance shows this model can be used for flood 
forecasts.   
 ix 
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CHAPTER 1  
INTRODUCTION 
1.1 Overview 
Wide Scale Floods are the most frequent natural disasters which have an impact and 
most times cause serious damages on economic development, human lives and 
properties, and the ecological environment. With the rapid economic development and 
human engineering increasing, flood disasters have been increasing. Many cities are 
often affected by rainstorms and floods. Flood forecasting has become a public 
concern in many countries with high frequency and wide range of flood disaster.  
Damage due to natural disasters had dramatically increased in the last decades. 
Flooding is one the worst weather-related hazard, causing loss of life and excessive 
damage to property. The National Oceanic and Atmospheric Administration (NOAA) 
and National Research Council (NRC) stated that nearly $3.6 billion worth of 
property damaged or destroyed each year in US. In addition, it has been reported that 
flood damages are increasing at a rate of 5% per year (Barrett, 1983).  
In Asia, floods are by far the most frequent and devastating natural disasters. The 
Intergovernmental Panel on Climate Change (IPCC) has predicted significant increase 
of extreme rainfalls in the next few decades due to climate changes in monsoon Asia 
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region and that is definitely going to worsen the flooding situation in Asia (IPCC, 
2001). Flood disaster is one of the most damaging natural disasters in China, with 
annual average losses more than 200 billion Yuan in recent years. Two-third of the 
land areas are threatened by the severe floods in varying degrees, mainly in the lower-
middle section of the Yangtze River and North China, Central China, South China and 
Northeast China. Bangkok is a natural floodplain due to its low elevation and 
geographic location at the lower basin of the Chao Phraya River. Frequent floods have 
been a big hindrance in its development. Although the Royal Thai Government has 
been undertaking various measures, it has not yet become possible to mitigate the 
flood disasters in this capital city and economic hub of Thailand. The rapid 
urbanization and heavy soil settlement have adversely affected the flooding situation 
in Bangkok. Climatic change is likely to worsen the situation. Under such 
circumstances, it is urgent to develop a proper urban flood risk management strategy 
for Bangkok metropolitan, which is the home to more than 10 million people. Ho Chi 
Minh City has a great potential for developing industry, exports, tourism and services. 
At present, however, residents of the city must confront flooding every year during 
the rainy season. The city has 95 flooding-prone areas that may be caused by heavy 
rain, high tide, rain and tide, poor drainage, water release by hydroelectric dams and 
land subsidence combined with a global sea level rise. Flood prevention has been one 
of the biggest preoccupations of Ho Chi Minh City authorities.  
Singapore is a city-state with an area of about 700 km
2
, a population of 
approximately 5.0 million people, with an annual growth of 1.9%. Singapore is not 
insulated to floods, with abundant rainfall and relatively low-lying land. In the 1960s 
and 1970s, floods as high as waist-level affecting large areas were common when 
heavy rains came. Today, the situation has improved greatly and flood-prone areas in 
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Singapore have reduced significantly by 98%, from 31.78 km
2
 in the 1970s to 0.62 
km
2
 today, despite increased urbanization which usually would have resulted in more 
floods. This is the result of careful planning and investments of some $2 billion in the 
past 30 years toward building an extensive drainage system, about 7000km, and 
continuous improvement works. Most times, our drains are able to cope with the rain 
that we receive. However, extremely heavy rainfall can sometimes exceed the 
capacity that the drains are designed for, especially in low-lying areas.  
Hence, it is obvious that flooding is a serious issue, not only on wide regional 
scale but also on smaller scales such as urban cities. This is significant because 
reacting to such a sudden flood and finding efficient ways to handle such a situation in 
exigencies require great deal of planning and ever-ready adaptation measures. It is 
urgent for many of these cities in Southeast Asia to develop such mitigation measures 
to face such flooding events. Despite many advances in weather forecasting over the 
last decades, the need for accurate flood forecasting remains as one of the most 
elusive challenges in operation. Continued improvements in flood warning systems 
are necessary to further mitigate flood damages. Operational flood forecasting 
systems form a key part of ‗preparedness‘ strategies for disastrous flood events by 
providing early warnings several days ahead (de Roo et al., 2003; Patrick, 2002; 
Werner, 2005), giving flood forecasting services, civil protection authorities and the 
public adequate preparation time and thus reducing the impacts of the flooding 
(Penning-Rowsell et al., 2000).  
Flood warning systems aim at providing timely and accurate warnings in order 
that adequate response can be taken to mitigate the impact of flooding. Flood warning 
systems are an important part of  the holistic approach to the reduction of both 
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tangible and intangible damage due to flooding, including loss of life, damage to 
property and goods, and reduction of negative health and social impacts (Penning-
Rowsell et al., 2000; Carsell et al., 2004). Real-time flood forecasting systems are 
becoming more widespread, both for everyday operation-and management of water 
control systems, and for emergency cases where life and property are concerned. In 
the latter case, such systems must help to predict hazardous events and allow 
sufficient time for action. Ideally, they should not only produce accurate and reliable 
forecasts, but also provide long enough lead-times for appropriate action to be taken. 
Meanwhile, the system involves integrating the various models including rainfall 
forecasting models, rainfall-runoff models and reservoir operation models, and 
extends it to proactive operational control.  Reservoir inflows, floods and real-time 
and real time forecasts are an applied study area of considerable technological 
complexity (Anderson and Burt, 1985; McLaughlin and Velasco, 1990; Guo, 2000). 
The need for real-time flow forecasting systems which can provide forecasts of 
discharge and river level with sufficient accuracy and lead time has been recognised, 
both by the research community and agencies responsible for flood warning and flood 
prediction. To achieve a lead time which can enable timely flood warnings to be 
issued and acted upon, quantitative precipitation forecasts with a spatial resolution 
which is compatible with that of the flow forecasting model are frequently required.  
Rainfall forecasting or Quantitative Precipitation Forecasting can be obtained 
both by long-term forecast (up to seven days) and short-term forecast (usually a few 
hours), the latter widely known as nowcasting.  
Numerical Weather Prediction (NWP) model, such as Mesoscale Model version 
5(MM5) or Weather Research and Forecasting Model (WRF), provides long-term 
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forecast. Those models can predict not only rainfall but also other meteorological 
variables such as moisture, wind, pressure, etc. They can forecast several days ahead 
with a reasonable accuracy. This kind of approach is more appropriate for long term 
(over 24 hours) forecasting over a large area of several thousand kilometers (Chow et 
al., 1993; Liu et al., 1996). Furthermore, due to the spin-up period of the model, it 
could not generate the adequate accuracy for the first few hours (Brath, 1999) and 
therefore the need for short-term forecast is called for.  
A number of approaches are available for short-term rainfall forecasting 
(nowcasting). These approaches include: (1) linear stochastic auto-regressive moving-
average models (ARMA), which express the future rainfall as a linear function of the 
past data. Burlando et al. (1996) found that multivariate approach performs better in 
comparison to simple nowcasting procedures based on raingauge data or on radar data; 
(2) the use of remote sensing observations (radar data and satellite images), which 
nowcasts rainfall based on the extrapolation of current weather conditions; (3) 
adaptive-network-based fuzzy
 
inference system (ANFIS) proposed by Jang(1992), 
which can construct an input-output mapping based on both human knowledge (in the 
form of fuzzy if-then rules) and stipulated input-output data pairs; and (4) artificial 
neural network (ANN), which belongs to the non-linear, data-driven approaches. 
ANN depends on the available data for ‗learning‘ without any priori hypothesis about 
the kind of relationship. Short-term forecast is particularly needed for urban 
catchments of small/medium sizes such as Singapore.  
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1.2 Objectives and Scope 
As aforementioned, the flood early warning system is very important for flood and/or 
reservoir management. In order to predict the flood accurately, it is crucial to have 
accurate rainfall forecast. In view of above overall review, it is worthwhile to note 
that rainfall is one of the most important meteorological variables in the tropics; its 
formation mechanism and forecast involve rather complex physics not completely 
understood so far. Although there are already a series of rainfall forecasting and 
nowcasting models used in flood early warning systems in flood and/or multiple 
reservoir management, predictive capability of rainfall forecasting to achieve a high 
level of accuracy for the tropic, in particular, is still not satisfactory. A major 
limitation in most of these studies is that there are few studies on the combination of 
rainfall nowcasting and rainfall forecasting models to achieve sufficiently satisfactory 
predicting results.    
To fill this research gap, the objective of this research is to combine two variable 
rainfall forecasting methods: Translation Model (TM) and WRF, and to construct a 
combined rainfall forecasting model. TM is a radar based rainfall nowcasting model 
which identifies the movement of the rain cells, and then extrapolates them to yield 
rainfall prediction for the next few hours (e.g. 3 hours). WRF is a next-generation 
mesoscale NWP system to serve both operational forecasting and atmospheric 
research needs. WRF would be a perfect tool for the long-time forecasting (as 
―Advisory‖) and possibly can be fine tuned to achieve a better accuracy. The 
combined model or the combined rainfall forecasting model aims to provide an 
algorithm with higher prediction precision than each of these models, TM or WRF.  
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Besides, it is also important to develop and calibrate a rainfall-runoff model to 
accurately forecast catchment response to rainfall.  With the well-calibrated rainfall-
runoff model, the obtained rainfall forecasts will then be used by that catchment 
model to forecast catchment runoff. Exploring the nowcasting/forecasting skill with 
rainfall-runoff forecasting will yield a comprehensive flood early warning system 
useful for the flood and/or reservoir management. 
Singapore is considered to be a water-scarce country because of the limited 
amount of land area where rainfall can be stored. Without the availability of natural 
aquifers nor lakes as well as the relatively very small land to collect rainwater, 
Singapore's strategy has been to create estuarine reservoirs by damming the major 
rivers. In order to boost Singapore‘s water catchment from half to two-third‘s of the 
country‘s land area, Marina Barrage, a government-commissioned dam together with 
two other new reservoirs was built across the mouth of Marina Channel to create 
Singapore's first reservoir in city, Marina Reservoir as shown in Figure1-1. Officially 
opened on 31 October 2008, Marina Barrage separates the water in Marina Basin 
from the seawater.  
The barrage works using a system which comprises gates and pumps. It has nine 
27m-wide and 5m-high steel crest gates spanning the 350m-wide Marina Channel and 
seven drainage pumps capable of displacing a combined total of 280 cubic meters of 
water per second. Under normal conditions, the hydraulically-operated gates will be 
closed. When there is heavy rain but the tide is low, the gates will open to release 
excess water into the sea. When heavy rain coincides with high tide, the gates will 
remain closed while the pumps will be activated to pump the excess water out to sea. 
The marina barrage serves three objectives: create a new source of water supply, act 
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as a tool for flood control, and provide a new lifestyle attraction. The first two 
objectives link to the importance of the current thesis in general, the rainfall 
nowcasting and forecasting (chapters), and the rainfall-runoff (chapter) in particular. 
The crucial factor of reservoir management is developing a flood early warning 
system that predicts both storms and the corresponding surface runoffs in a holistic 
and integrated manner. With such a flood early warning system, Marina Barrage will 
contribute significantly to improve the current water management situation in 
Singapore. When a major storm event is forecasted, there will be sufficient time to 
lower the reservoir water level to provide more storage volume within the Marina 
Reservoir before the flood actual event.   
In multiple reservoir project, two conflicting objective functions are: minimize 
flooding (it means keep the reservoir water level low) and store water as much as 
possible (it means keeping the reservoir water level as high as possible).  Note that the 
time of concentration (or Travel time) for Singapore is about 30 minutes. Reservoir 
operation is indeed very challenging as to operate gate (opening or closing) it takes 
about 45 minutes).  So, weather forecasting is the only solution for reservoir operation 
or management. The key focus of this research is that the improvement of rainfall 
forecasting is PRACTICAL for multiple reservoir management. 
In Singapore, the Marina catchment is the most fully gauged catchment of 
significantly large size (100 km
2
).  Prove of concept of rainfall-runoff catchment 
model calibration is also demonstrated, in a later chapter, on the Marina catchment. 
This doctoral research work aims to study the following aspects: 
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1. Use a NWP model, namely, WRF, which provides long-term forecasts 
with a reasonable accuracy, to improve the forecast skill on rainfall over 
Singapore. 
2. Summarize the essential points of TM model; applies and evaluates the 
performance of TM rainfall nowcasting model 
3. Propose a combined rainfall forecasting model, a combined rainfall model 
resulting from NWP and from TM. The combined rainfall forecasting 
covered the full-span of a 24-hour rainfall forecasting.   
4. Introduce, conceptualize and calibrate a widely used rainfall-runoff model 
SOBEK and describe the model‘s link to the rainfall forecasting tool.  
The results of this present study may provide useful tool for the multiple 
reservoir management: 
1. The ability to provide sufficiently accurate forecast storms many hours in 
advance which is important for Singapore due to its small size, short time 
of concentration and high rainfall intensity.   
2. The ability to forecast rainfall generated runoff which is also essential in 
the application of the real-time flood early warning systems.  
The research scope includes mainly tests of concept and analysis of a rainfall 
nowcasting model, a rainfall forecasting model, a combined rainfall forecasting, and a 
rainfall-runoff model. An adequate quantitative precipitation forecast, with a lead time 
of up to 24 hours, can contribute significantly towards an optimal management of the 
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reservoir system in face of an increasing population projection, and hence a growing 
demand for urban water consumption.  
1.3 Contents of the Study 
The thesis is structured in 6 chapters: 
Chapter1 introduces the research background and objective, the description of 
the research emphases and the related methodologies. 
Chapter 2 presents the WRF model with the purpose of increasing rainfall 
forecast lead times or horizons particularly useful as ―Advisory‖ in the flood early 
warning system.  
Chapter 3 elaborates the fundamental aspects and analyzes the results of the 
rainfall nowcasting model, TM, with forecast lead times up to about 3 hours.  
Chapter 4 proposes a combined rainfall forecasting combining results obtained 
from TM and WRF.  
Chapter 5 introduces the widely used rainfall-runoff model, SOBEK, and an 
optimization approach used to calibrate the model parameters.  
Chapter 6 summarizes and draws conclusions on the research study and 
highlights the findings. In addition, possible future work is outlined.  
Various rainfall events are tested and analyzed in Chapters 2 to Chapter 4. 
Comparisons with observed rain gauge data, radar data and/or satellite data, whenever 
required, are conducted.  It is unfortunate that at the stage of this thesis writing the 
required computational server is not ready for the real time rainfall forecasting which 
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is computationally quite demanding (WRF in particular).  Nevertheless, an off-line 
rainfall hindcasting has been resorted to prove the test of concept.  Once the server is 
made available, the suggested combined rainfall forecasting model can be 
implemented and link up with the rest of the components in the ―Multiple-Objective 










Figure 1-1 Top view of Marina barrage of Singapore (extracted from PUB website) 
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CHAPTER 2  
NUMERICAL WEATHER PREDICTION  
2.1   Introduction  
Weather forecasting has been one of the most challenging problems for more than half 
a century. Traditionally, weather forecasting has been based mainly on numerical 
models. (McGregor et al., 1993). This classic approach attempts to model the fluid 
and thermal dynamic systems for grid-point time series prediction based on boundary 
meteorological data. Such a simulation often requires intensive computations 
involving complex differential equations and computational algorithms. Besides this, 
the accuracy of the prediction is bounded by certain ―inherited‖ constraints, such as 
the adoption of incomplete boundary conditions, model assumptions, and numerical 
instabilities (Liu, 1988).  
Weather forecasting using computer models is known as numerical weather 
prediction (NWP). The phrase ―numerical weather prediction‖ generally connotes the 
prediction of meteorological parameters by numerical solution of the mass and 
momentum equations governing atmospheric motions. The basis of NWP is the idea, 
first formalized by Bjerknes in 1919, that obtaining the future state of the atmosphere 
is possible if we know its present state and the laws governing its evolution. In other 
words, the prediction problem is what is known as an ―initial-value problem‖. The 
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laws governing the atmosphere‘s evolution are expressed mathematically as the 
primitive equations. These equations, or equations derived from them have to be 
integrated forward in time from the (supposedly known) initial state to obtain the state 
of the atmosphere at some time in the future. 
NWP is a direct approach to weather forecasting, in which the physical laws 
governing the atmosphere are integrated from an initial state. The equations are for a 
continuous medium, whereas our computers are digital. The equations therefore are 
usually first transformed into partial finite-difference equations, in which derivatives 
are replaced by difference ratios. An alternative from continuous function to finite 
differences in space is a transformation from real physical space dimensions to 
amplitudes of orthogonal functions in one, two or three space dimensions. 
NWP uses current weather conditions as input into mathematical models of the 
atmosphere to predict the weather. While the first efforts to accomplish this were done 
in the 1920s, it was not until the advent of the computer that it was feasible to do this 
in real-time. Manipulating huge datasets and performing the complex calculations 
necessary to do this on a resolution fine enough to make the results useful requires the 
use of some of the most powerful supercomputers in the world. Complex computer 
programs, also known as forecast models, run on supercomputers and provide 
predictions on many atmospheric variables such as temperature, pressure, wind and 
rainfall.  
When a model is integrated in time starting from the initial conditions, the output 
is a numerical weather prediction. These numerical forecasts provide guidance to 
forecasters and are the basis of all the National Weather Service and media weather 
forecasts. In the last two decades weather forecasts have become much more reliable: 
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for example, today's 3-day forecasts are about as accurate as the one-day forecasts 
twenty years ago. This is mostly due to the improvements that have taken place in 
these computerized weather forecasts, through the better use of the observations and 
the use of more advanced models and of more powerful computers. 
The importance of accurate initial conditions to the success of an 
assimilation/forecast NWP system is well known. The relative importance of forecast 
errors due to errors in initial conditions compared to other sources of error such as 
physical parameterizations, boundary conditions and forecast dynamics depends on a 
number of factors e.g. resolution, domain as well as data density.  
Further, atmospheric processes that happen on scales smaller than that of the 
model's grid scale but that significantly affect the atmosphere (such as the large 
amount of convection that can occur in thunderstorms, cloud formation and the 
release of latent heat, etc.) must be accounted for. There are incorporated into the 
models as complex numerical formulations called as parameterization. 
Obviously, using a finer resolution for the model grid will more accurately 
reflect the actual atmosphere and the prediction will more accurately forecast the 
weather. But finer the resolution, more the data have to be gathered. Therefore, in 
practice, models that cover large areas (like the whole Northern hemisphere) have 
coarser resolution than those that cover relatively smaller areas (like just the USA). 
Further, it is worth noting that models that work with smaller areas can predict only 
for shorter time periods, since as time passes it is inevitable that weather from outside 
the model area (and therefore not accounted for in the model) will have influenced the 
weather inside the model area. To overcome this limitation, a finer grid for a smaller 
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area of interest can be nested inside a larger, coarser grid. This method is very widely 
used, but adds its own complications which must be accounted for in the models.  
2.2 The early history of NWP Model 
In the early 1900s, the Norwegian hydrodynamist V. Bjerknes proposed the idea 
that weather could be predicted by applying the complete set of hydrodynamic and 
thermodynamic equations in order to analyze initial atmospheric states. However, the 
first models failed because of a lack of precision. Until 1948, simplified mathematical 
models of the atmospheric motions were derived. These equations were able to 
forecast the large scale flow despite minor inaccuracies in the initial Conditions. 
The first global primitive equations (PE) model began operating in 1966 and 
several other PE models were implemented asglobal, hemispheric or as Limited Area 
Models during the 70's. The European Centre for Medium-Range Weather Forecasts 
(ECMWF) in Britain uses an atmosphere, ocean-wave, ocean-circulation model to 
form a coupled model for short term and seasonal forecasting. In the last 15 years, one 
of the major breakthroughs in NWP has come from an enormous improvement in data 
assimilation techniques together with the availability of an increasing number of 
remotely sensed observations from satellites which provide global high frequency 
data. Therefore, the capability of NWP model has been improved drastically 
(http://www.ecmwf.int). 
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2.3   NWP formulation 
It has already been mentioned earlier that NWP is the name given to the process 
of obtaining solutions by computing the primitive equations. The primitive equations 
consist of the three momentum equations (alternatively known as the equations of 
motion) derived from Newton‘s laws, the thermodynamic equation (an equation for 
energy conservation) and the ideal gas law. The ideal gas law is obeyed by both 
Boyle‘s and Charles‘ laws. The equation of state or ideal gas law is one of the most 
elementary relationships linking the three variables temperature, pressure and density 
that describe the thermodynamic state of the atmosphere. Some applications of the gas 
laws are involved in most practical problems in meteorology. 
(http://www.indiana.edu/~geog109/topics/10_Forces&Winds/GasPressWeb/PressGas
Laws.html). The continuity equations (one for atmosphere, the other for water 
substance) expressing the fact that mass is neither created nor destroyed. The 
primitive equations are a set of nonlinear partial differential equations (PDEs) that are 
used to approximate global atmospheric flow and are used in most atmospheric 
models. Nonlinear PDEs are extremely difficult to solve. There are only a few 
nonlinear PDEs which we are capable of solving analytically and no analytical 
method has been discovered for the solution of the full set of primitive equations. 
Therefore, in order to obtain solutions to the primitive equations, we have to integrate 
them numerically. This numerical integration is the core of NWP.  
 Basically, numerical weather prediction uses numerical methods to approximate 
a set of partially differential equations on discrete grid points in a finite area to predict 
the weather systems and processes in a finite area for a certain time in the future. In 
order to numerically integrate the partial differential equations, which govern the 
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atmospheric motions and processes, with time, one needs to start the integration at 
certain time. In order to do so, the meteorological variables need to be prescribed at 
this initial time, which are called initial conditions.  Mathematically, this corresponds 
to solving an initial-value problem. Due to practical limitations, such as computing 
power, numerical methods, etc., we are forced to make the numerical integration for 
predicting weather systems in a finite area. In order to do so, it is necessary to specify 
the meteorological variables at the boundaries, which include upper, lower and lateral 
boundaries of the domain of interest. Mathematically, this corresponds to solving a 
boundary-value problem. Thus, mathematically, numerical weather prediction is 
equivalent to solving an initial and boundary-value problem. For example, to solve the 












       (2-1) 
where tu   is the horizontal wind speed in x-direction, U the constant basic or 
mean wind speed, and F(t, x) is a forcing function, it is necessary to specify  ‗u‘, the 
variable to be predicted, at an initial time, say 0t . If we are interested in the motion, to 
be described by ‗u‘, in a finite length, we need to specify ‗u‘ at one end of this finite 
length medium, i.e the boundary condition. 
2.3.1 Model equations 
i. The GAS LAW gives the relation between pressure, density and temperature;  
The Ideal gas law is the equation of state of a hypothetical ideal gas. It is a good 
approximation of the behavior of many gases under many conditions, although it has 
several limitations. The state of an amount of gas is determined by its pressure, 
volume, and temperature. The modern form of the equation for the dry air is: 
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  PV=nRT                                     (2-2) a 
where P is the absolute pressure of the gas; V is the volume; n is the amount of 
substance; R is the gas constant; and T is the absolute temperature. 
When consider the moisture in the air, the equation is adjusted: 
PV=nR (1+0.608q) T                                                (2-2) b 
where P is the absolute pressure of the gas; V is the volume; n is the amount of 
substance; R is the gas constant; q is the specific humidity; and T is the absolute 
temperature. 
ii. The HYDROSTATIC EQUATION shows the approximate relationship 
between the density of the air and the change of pressure with height.  





*                                                    (2-3) 
where P is the pressure, z is the height, D is the density of the air and G refers to 
gravity. 
This indicates that the change in pressure with the change in height is equal to the 
average density of the air times the gravitational constant. The negative sign is due to 
the fact that pressure decreases with height. 
iii. The EQUATION OF CONTINUITY ensures that the mass is conserved and 
hence makes it possible to determine the vertical velocity and the rate of 
change in the surface pressure;  
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A continuity equation in physics is a differential equation that describes the transport 
of some kind of conserved quantity. Since mass, energy, momentum, electric charge 
and other natural quantities are conserved; a vast variety of physics may be described 
with continuity equations. 
 






                        (2-4) 
where  is scalar, 

V is a vector function describing the flux of   and s describes the 
generation (or removal) rate of  . This equation may be derived by considering the 
fluxes into an infinitesimal box. If  is a conserved quantity, the generation or 






                               (2-5) 
 
iv. The EQUATION OF MOTION describes how changes in the wind velocity 
are caused by the pressure gradient and the Coriolis force and what the effects 
of friction are near the earth’s surface;  
 
Newton's 2nd Law of Motion states that the acceleration of a particle is equal to the 
vector sum of forces acting upon that particle. It is a statement of the Conservation of 
Momentum principle. The main forces in the atmosphere are gravity, the Coriolis 
force and the force that acts on air due to differences in pressure. The Coriolis force 
accounts for the apparent acceleration that air possesses by virtue of the Earth's 
rotation. In the horizontal, the pressure difference and Coriolis force are the main 
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causes of acceleration. In the vertical, the two main forces are gravity and the pressure 
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 is the change of velocity, P is the pressure, C is the Coriolis force, G is the 
gravity and F is the friction force. 
v. The THERMODYNAMIC EQUATION expresses how a change in an air 
parcel’s temperature is brought about by adiabatic cooling or warming due to 
vertical displacements, latent heat release, radiation from the sun and the 
earth’s surface and frictional or turbulent processes (diffusion); 
The 1st Law of Thermodynamics requires that the amount of heat added to a system is 
exactly balanced by the work done in increasing its volume and the increase in 
internal energy. It is an expression of the principle of the conservation of energy. 
Temperature at a point in the atmosphere can change either due to cooler or warmer 
air being blown to that point, or as a consequence of local expansion or contraction, or 




Q                       (2-7) 
where Q is the rate of heat addition, W is the rate at which work is done by the gas on 
its surrounding by expansion, and 
dt
du
is the rate of change of internal energy.  
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2.3.2 Parameterization of physical process 
With the improvement in our understanding of the physical processes in the 
atmosphere, together with the increase in the computing power, more elaborate a 
realistic representation of the atmosphere becomes feasible. The mechanisms of these 
processes are mainly related to small scale disturbances in space and time. The effects 
of these sub grid scale processes on the large scale flow can only be computed by 
means of ―parameterization‖, i.e., formulating the overall effect in terms of known 
grid scale variables. 
Physical processes play an important role in the atmosphere. Parameterization is 
a procedure for representing actual meteorological processes by numerical codes 
within a model on the scales that the model resolves. Improvements to the capability 
of NWP model include the parameterization of the effects of shallow convective 
clouds associated with the planetary boundary layer, microphysics of cloud formation, 
short and long wave radiation. (http://www.dmi.dk/eng/index/forecasts.htm) 
 
2.4   Advantages and challenges 
The accuracy of the numerical weather prediction depends on the accuracies of the 
initial conditions and boundary conditions. The more accurate these conditions, the 
more accurate the predicted weather systems and processes. The major problems we 
are facing in the numerical weather prediction today is the lack of sufficient and 
accurate initial conditions, as well as more accurate and sufficient boundary 
conditions and appropriate ways in implementing them at the lateral boundaries of a 
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finite domain of interest. Improvement of global numerical weather prediction models 
is also important in improving the accuracy of the regional numerical weather 
prediction model since the former are often used to provide the initial and boundary 
conditions for the latter.  
The inaccuracy of numerical weather prediction may also come from the 
numerical approximation of the partial differential equations governing atmospheric 
motions on the discrete points of a model domain, and the representation of the 
weather phenomena and processes occurred within grid points of a numerical model, 
i.e. the parameterization of sub-grid scale weather phenomena and processes. The 
accuracy of a numerical method can be improved by adopting a higher-order 
approximation of the partial differential equations used in the numerical weather 
prediction models, as well as using a more accurate, but stable approximation 
methods. These require an increase in computing power as well as better 
understanding of numerical approximation methods. The accuracy of sub-grid scale 
parameterizations can be improved by having a better understanding of the weather 
phenomena and processes as well as reducing the grid interval of a numerical weather 
prediction model. The weather systems are considered to have limited predictability. 
Thus, it leaves us some room to make improvements of the accuracy of numerical 
weather prediction models. (Kalnay, 1996) 
Despite these flaws, the NWP method is probably the best model at forecasting 
the day-to-day weather changes. Nowadays, NWP is the most reliable source for 
atmospheric forecasts with a large spatial coverage and high temporal resolution. 
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2.5   Forecasting review 
In 1939, Carl-Gustaf Rossby demonstrated the usefulness of the linearized 
perturbation of the equations of motion for weather prediction. The first successful 
numerical forecasts of the weather were made by Charney et al. (1950). Philips (1990) 
pointed out that Rossby not only influenced the design of the numerical model, but his 
introduction in 1945 of the concept of group velocity also affected the choice of 
domain for the experiment: it allows Charney et al. (1950) to estimate the area of 
influence of the information coming from the initial conditions (Philips 1998). 
The skill of operational weather forecasts has increased very substantially over 
the last two decades. This improvement has taken place slowly and relatively steadily, 
driven by a large number of scientific and computational developments, especially in 
the area of NWP.  
Quantitative precipitation is one of the most difficult forecasts to make. It is the 
end result of a long chain of atmospheric processes, and errors in each link of the 
chain tend to multiply in quantitative precipitation forecasting. As noted earlier, 
through use of weather radar, some success has been achieved in forecasting such 
detail for periods of an hour or so, but success on very fine scales for much longer 
periods is not in sight.  
The use of quantitative precipitation Forecasts (QPFs) as input to extend the 
useful lead-time of forecasts from rainfall-runoff models is relatively undeveloped, 
possibly because QPFs in the past have shown low reliability. Rainfall is still one of 
the most difficult variables to predict from NWP models, but recent results suggest 
that progress is being achieved towards bringing QPFs to the stage of operational 
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usefulness for hydrological applications (Hollingsworth, 2003; Collier and 
Krzysztofowicz, 2000; Damrath et al., 2000; Golding, 2000; Mao et al., 2000; 
McBride and Ebert, 2000; Mullen and Buizza, 2001). However, although the 
combined use of hydrological rainfall-runoff models and NWP models has been tested 
by several authors (Yu et al., 1999; Ibbitt et al., 2000; Anderson et al., 2002; Jasper et 
al., 2002; Koussis et al., 2003) the focus has concentrated mainly on forecasting a few 
selected flood events. 
 
2.6   Weather Research and Forecasting Model 
2.6.1 Introduction 
 
The WRF Model is a mesoscale NWP system to serve both operational forecasting 
and atmospheric research needs. As a community model, WRF model is supported 
and maintained by National Center for Atmospheric Research (NCAR). It features 
multiple dynamical cores, a 3-dimensional variational (3DVAR) data assimilation 
system, and a software architecture allowing for computational parallelism and system 
extensibility. WRF is suitable for a broad spectrum of applications across scales 
ranging from meters to thousands of kilometers. The model is intended to improve 
forecast accuracy across scales ranging from cloud to synoptic, with priority emphasis 
on horizontal grid resolutions of 1-10 kilometers. Detailed information can be 
obtained from www.wrf-model.org. 
The model incorporates advanced numeric and data-assimilation techniques, a 
multiple nesting capability, and numerous state-of-the-art physics options. It is well 
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suited for a wide range of applications, from idealized research simulations to 
operational forecasting, and has the flexibility to accommodate future enhancements.  
The WRF model contains two dynamic cores: the Non-hydrostatic Mesoscale 
Model (NMM –Janjic 2003) core (developed at the National Centers for 
Environmental Prediction (NCEP) and the Advanced Research WRF (ARW –
Skamarock et al. 2005) core, developed at the NCAR. Each dynamic core corresponds 
to a set of dynamic solvers that operates on a particular grid projection, grid 
staggering, and vertical coordinate. The WRF model also contains a multitude of 
physical parameterizations, many of which can be used with both dynamic cores.  
The ARW is designed to be a flexible, state-of-the art atmospheric simulation 
system that is portable and efficient on available parallel computing platforms. The 
ARW is suitable for use in a broad range of applications across scales ranging from 
meters to thousands of kilometers, which include Idealized simulations (eg. LES, 
convection, baroclinic waves); Parameterization Research; Data assimilation research; 
Forecast research; Real-Time NWP, etc. ARW is adaptable to a higher resolution 
(1km or less) forecast with the aid of telescopic nested domains by zooming in to the 
area of interest and conducting the simulations at a high resolution. This will also 
allow for the use of realistic boundary conditions associated with large-scale 
atmospheric flow. The selection of the appropriate resolution depends also on the 
computer power, initialization data, and resolution of terrain elevation, soil data, and 
physical parameterizations. 
WRF model‘s output variables include: Surface Temperatures, Surface Humidity, 
Surface Winds, Heat Index, Wind Chill, Precipitation and Runoff, Cloud 
Base/Heights, Freezing Level, Wind Speeds at Pressure Levels and many more. 
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Further details of the WRF model can be found at: http://www.wrf-
model.org/index.php. 
 
2.6.2 WRF Forecasting and Parameterizations Sensitivity Review 
It has been mentioned earlier that WRF uses parameterizations for different physical 
processes, such as cloud microphysics and precipitation, shortwave and long wave 
radiation, surface and soil processes, surface fluxes of heat, momentum and moisture, 
and the turbulent exchange between the surface and the atmosphere above. The model 
integrates the equations for air motion and uses physical parameterizations for 
unresolved, complex nonlinear processes to predict temperature, pressure, wind 
velocities, water vapor (mixing ratios, rainfall and other forms of precipitation such as 
snow, ice, etc) for three-dimensional (from 1.5m below the surface to 20 km above 
the surface). The model also predicts the energy balance components (surface heat 
flux, sensible heat flux, latent heat flux, shortwave and long wave fluxes) at the 
surface, and the surface temperature. Previous verification studies (Betts et al., 1997; 
Beljaars et al., 1996; Ek et al., 2003) of weather prediction models have revealed the 
key role of land surface physics and proper initialization of soil temperature and 
moisture in improving the 1 to 5 day forecasts.  
The simulations and real-time forecasting show that WRF model has good 
property for forecasting many kinds of weather (Zhang, 2004). Sun and Zhao (2003) 
studied rainstorm using WRF model, and their simulation results indicated that they 
have succeeded in simulating several types of precipitation with differing 
characteristics using the WRF model, and WRF performed well in simulating the 
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position and movement of the main weather system that led to the formation of the 
precipitation processes compared with the Mesoscale Model version 5 (MM5) model, 
accordingly, the simulating rainfall areas of WRF was better than those of MM5. 
When Zhang (et al, 2003) successfully forecasted the distribution, the intensity and 
the center of location of the precipitation and development of the mesoscale system 
are well described using the WRF model. 
The weather and climate in China are strongly influenced by the presence of the 
Tibetan Plateau. This unique topography and associated surface heterogeneity has 
been a challenge for numerical models. As a new generation weather research model, 
WRF model has not been fully tested for this region. Lu(et al, 2005) thereby have 
made attempt to use WRF for studying a moderate strength precipitation process 
occurred in Southeastern China, and comparisons were made with the simulation by 
MM5. This study focuses on the difference in dynamics and numerical techniques 
between the two models. For this objective, the same physics schemes were chosen: 
Betts-Miller scheme for convective parameterization scheme, MRF for planetary 
boundary layer parameterization scheme, RRTM for the long wave radiation scheme, 
Dudhia similar to MM5‘s Goddard for the short wave radiation scheme, Simple ice 
microphysics scheme in cloud physics. In this study in Southeastern China, in 
comparison with the observations, the simulated rainfall by both MM5 and WRF are 
larger than the observation; however, the simulation of WRF matches better to 
observation than MM5. The WRF model performs better than the MM5 in 
precipitation intensities, but not so in the position of maximum rainfall. Because the 
same physics schemes were selected, as described above, so did the initial and 
boundary conditions, and the error from physics scheme coding were excluded, the 
better simulation performance can be dued to the improved dynamical frame of WRF, 
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but for the detailed reason requiring further research. Detailed information about the 
various schemes that are available as options in the WRF physics systems have been 
documented and available at: http://wrf-model.org/users/users.php. 
Nowadays, the nested grid model is widely used to increase the resolution of 
numerical model. An attempt to investigate the influence of the newly developed 
nesting technique of WRF model on the mesoscale numerical simulation of severe 
storm is described by Wang et al. (2006). The authors reported from the tests 
conducted in Huai He River in China during the summer of 2003 that the  value of the 
precipitation centers derived using nesting scheme are larger than those without using 
nesting scheme. Compared with observed value, the simulated precipitation of 
nested storm match better to the observed rainfall. The results of sensitivity tests infer 
that the WRF model gives more accurate and vivid prediction of severe storm with 
nesting scheme in this study. 
A case-study of the 26 July 2005 Mumbai, India, heavy-rain event that recorded 
944mm rainfall in 24 hours with significant spatial variability was carried out using 
the WRF model (Kumar et al., 2008). The results indicated that the WRF system was 
able to reproduce the heavy rainfall event and the associated dynamical and thermo- 
dynamical features. A number of experiments indicate that the WRF-ARW with high 
resolution (3.6 km) set-up is able to simulate with reasonably good accuracy the 
amount, intensity, timing and distribution of this unusual rain event. The simulations 
used the WRF Single-Moment (WSM) 6-class graupel scheme (Hong et al., 2004) and 
the Grell–D e´v e´nyi (GD) (Grell and D e´v e´nyi, 2002) combined cumulus 
parameterization scheme. The Rapid Radiative Transfer Model (RRTM) scheme was 
chosen for long-wave radiation and the Dudhia (1989) scheme for short-wave 
Chapter 2. Numerical Weather Prediction 
 30 
radiation. Sensitivity simulations were performed with different cumulus schemes. 
With the GD scheme, the simulated precipitation was closest to the observed rainfall 
over Mumbai. The others cumulus schemes Kain–Fritsch (KF) (Kain and Fritsch, 
1990, 1993; Kain, 2004) and Betts–Miller–Janji c´ (BMJ) (Janji c´, 1994, 2000) 
schemes, that were also tested, considerably underestimated by greater than 50% the 
rainfall for this case. Another modeling study for the same event over Mumbai was 
done using the WRF model by Rama Rao et al. (2007) with a 20 km horizontal grid 
resolution. The model was able to simulate approximately 250mm of rain with a 
location error of 50 km north of Santacruz, Mumbai. Chang et al. (2008) also used the 
WRF model to simulate this event and concluded that the simulation of heavy rains 
over Mumbai is highly sensitive to the model resolution and the amount and location 
of the rainfall was modulated by land surface feedbacks which affected the formation 
and intensity of rain-producing convection cells. 
In recent years, a mixed physics combined approach has been increasingly 
investigated as a method to better predict Mesoscale Convective System (MCS) 
rainfall. For mixed physics combined design and interpretation, knowledge of the 
general impact of various physical schemes and their interactions on warm season 
MCS rainfall forecasts would be useful. Numerous studies have shown the large 
impact the convective scheme has on rainfall forecasts. The choice of planetary 
boundary layer (PBL) scheme can substantially affect temperature and moisture 
profiles in the lower troposphere, which could interact with other schemes such as the 
convective parameterization to influence simulation of precipitation (Bright and 
Mullen 2002; Wisse and Vila-Guerau de Arellano 2004). However, the impact of 
different PBL schemes and microphysical schemes on warm season rainfall fields and 
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the interactions of all three of these physical process schemes have received little 
attention.  
Chien (2004) performed sensitivity studies for WRF model were performed in 
order to search for the best physics combinations for simulation in the Taiwan area 
during a Mei-yu season where  two PBL schemes (YSU and MYJ), three cumulus 
parameterization schemes (Kain-Fritsch, BMJ and Grell-Devenyi), and two 
microphysics schemes (WSM 5-class and Ferrier) were chosen for different 
combinations. The above combinations ended up with 12 WRF members. 
Precipitation verification was carried out by comparing 12-h rainfall simulation with 
rain gauge data. It is found that in general the YSU PBL scheme performed better 
than the MYI PBL scheme. The WSM 5-class microphysics scheme outperformed the 
Ferrier scheme. As for the cumulus schemes, the Kain-Fritsch scheme appeared to be 
the best choice among the three schemes. The Grell-Devenyi scheme usually over-
predicted rainfall. Results demonstrated that proper choice of physical 
parameterizations and inclusion of high-resolution topography and land-use in the 
ARW model as well as initializations helped reproduce the surface weather variables 
with a reasonable good accuracy in the presence of a changing weather scenario.  
These studies have indicated that the WRF model is capable of being tuned for 
different research focus for different regions. Overall, these findings indicate that the 
choice of the different physics option is crucial for the performance of the model. 
Before we deal with similar studies done for Singapore region, a brief introduction to 
the various datasets that were used in this study are described in the following section. 
2.6.3 Data Source  
 
1) Global Forecast System (GFS) data 
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The GFS is a global numerical weather prediction computer model run by 
NOAA (National Oceanic and Atmospheric Administration), in the USA. This 
mathematical model is run four times a day and produces global forecasts up to 16 
days in advance, but with decreasing spatial and temporal resolution over time, it is 
widely accepted that beyond 7 days the forecast is not very accurate. 
The model is run in two parts: the first part has a higher resolution and goes out 
to 180 hours (7 days) in the future and the second part runs from 180 to 384 hours (16 
days) at a lower resolution. The resolution of the model varies in each part of the 
model: horizontally, it divides the surface of the earth into 35 or 70 kilometer grid 
squares; vertically, it divides the atmosphere into 64 layers. These analyses are 
interpolated to the WRF-model grid to provide the initial conditions as well as 6-
hourly lateral boundary conditions. These GFS data are global weather data archived 
at a resolution of 1°. Further information is available at:  http://nomads.ncdc.noaa.gov. 
2) Tropical Rainfall Measuring Mission (TRMM) data 
 TRMM is one of the observational dataset that has been used in this study to 
compare modeled results. TRMM is the first mission to measure precipitation 
quantitatively from space. The potential for accurate quantitative satellite rainfall 
estimation grew rapidly at the end of the twentieth century with the launch of the 
TRMM in 1997, the first satellite mission dedicated to measuring precipitation 
(Kummerow et al., 1998). The TRMM satellite is a joint project between the United 
States (under the leadership of NASA's Goddard Space Flight Center) and Japan 
(under the leadership of the National Space Development Agency, or NASDA). This 
satellite marks a key milestone in the development of satellite rainfall estimation 
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techniques. The data are available at a 0.25 degree resolution every 3 hours and the 
data spans from 1998 until date. 
3) Global Precipitation Climatology Product (GPCP) data 
The GPCP was established by the World Climate Research Program (WCRP) to 
address the problem of quantifying the distribution of precipitation around the globe 
over many years. The general approach is to combine the precipitation information 
available from each of several sources into a final merged product, taking advantage 
of the strengths of each data type. One of the major goals of GPCP is to develop a 
more complete understanding of the spatial and temporal patterns of global 
precipitation. Data from over 6,000 rain gauge stations, and satellite geostationary and 
low-orbit infrared, passive microwave, and sounding observations have been merged 
to estimate monthly rainfall on a 1 degree global grid from 1979 to the present. The 
careful combination of satellite-based rainfall estimates provides the most complete 
analysis of rainfall available to date over the global oceans, and adds necessary spatial 
detail to the rainfall analyses over land. 
2.6.4 Singapore Case Study  
 
The WRF model with the ARW core was used in this study. Since the WRF model 
comes with a suite of physics options which can be tuned as suited for the study 
region, a preliminary physical parameterization sensitivity study is performed. The 
GFS data provided the large scale initial and lateral boundary conditions for the model. 
The scientific value of WRF model in Singapore case study banks on the ability 
of the model to provide forecast information to the best possible using the configured 
physics options - the ability to detect signs of heavy rainfall event to occur, say, 8 
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hours or longer ahead is very important for Singapore as its time of concentration is 
about 30 minutes.  Thus, the relevant agency could have sufficient time to mobilize 
needful measures such as opening gates, transfer water from one to other reservoirs.    
The key focus of this research: improving rainfall forecasting which helps to 
reduce flood risk and conserve water by transferring reservoir water to another 
reservoir.  
This chapter discusses the performance of the WRF model in producing forecasts 
of up to 24 hours in advance with multiple nesting domains at high horizontal 
resolutions of about 5km and 27 vertical layers. The focus of model forecasts is on 
Singapore and due to the limited area of the city as such, the ability of WRF to 
produce reliable forecasts for this small region is evaluated. The model sensitivities to 
different options of physics parameterizations are also discussed. 
All the simulations use the same initial and boundary conditions as derived from 
the GFS data resources. These analyses are interpolated to the WRF-model grid to 
provide the initial conditions as well as 6-hourly lateral boundary conditions for the 
mother domain. 
In order to evaluate the model performance, the following sensitivity studies 
were undertaken. 
(a) Parameterization sensitivity  
In parameterization tests, some of the following parameterization options were 
combined to test the model performance: Cumulus Convection; Explicit Moisture 
Physics; Planetary Boundary Layer; Land Surface Model and Radiation Schemes.  
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(b) Domain sensitivity tests  
Domain sensitivity was conducted with three different case studies. This was 
done for a three domain system, consisting of one mother domain and two nested 
domains. For each case, the innermost domain alone was changed. This is shown in 
Table 2-1 and Figure 2-1 to Figure 2-15.  
(c) Resolution sensitivity tests  
Based on the selected domain size from previous domain sensitivity tests, 
resolution sensitivity studies were carried on using a double nesting system using 
three different sets of domain configurations designed at: 45km-15km-5km; 36km-
12km-4km and 30km-10km-5km. The detailed description can be seen in Table 2-2 
and Figure 2-16 to Figure 2-23. 
(d) Number of nesting sensitivity tests  
Next, rather than two nesting domains, one nesting domain was designed and 
tested. The objective of such a test shown in Figure 2-24 to Figure 2-28 is to study 
whether the two domain system could yield similar or better results than a three 
domain system (double nests). Furthermore, due to the computing demand, this test is 
necessitated as lesser number of domains use lesser computational time.  
2.6.4.1 Model Parameterization sensitivity  
WRF offers multiple physics options that can be combined in any manner. The 
options typically range from simple and efficient to sophisticated and more 
computationally costly, and from newly developed schemes to well tried schemes 
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such as those in current operational models. These runs used ARW dynamic cores 
available in the WRF model.  
WRF comes with a suite of physics options used for parameterizations. Some of 
them are the cumulus convective scheme, the moisture physics scheme, the planetary 
boundary layer scheme, radiation schemes and land surface scheme. For each of these 
parameterizations, several options are available. When the sensitivity to 
parameterizations is determined, each option under one particular parameterization is 
combined with each option of the other parameterizations. This will result in a large 
number of combinations which are practically impossible to test. A detailed account 
of these options can be found in the WRF manual at: http://www.wrf-model.org. 
From the study tests, highest sensitivity was to the choice of convective 
treatment, with less sensitivity to PBL scheme and lest sensitivity to microphysics. In 
addition, overestimates of rain volume in all configurations may be at least partly a 
consequence of the use of the Ferrier et al. microphysics scheme. Jankov et al. (2005) 
found in a study of a different set of warm season events that the microphysical 
scheme choice could have a significant impact on the total domain rain volume. The 
Ferrier et al. scheme was substantially wetter than the NCEP-5 class scheme (Hong et 
al. 1998), although it was not as wet as the Lin et al. (1983).  
Numerous studies have shown the large impact the convective scheme has on 
rainfall forecasts. The choice of planetary boundary layer (PBL) scheme can 
substantially affect temperature and moisture profiles in the lower troposphere, which 
could influence simulation of precipitation. However, the impact of different PBL 
schemes and microphysical schemes on warm season rainfall fields and the 
interactions of all three of these physical process schemes have received little 
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attention. The main objective of the present study is to investigate the general impact 
that various physical schemes as well as their Interactions have on tropical region 
rainfall forecasts. 
Cumulus parameterization is responsible for the sub-grid-scale effects of 
convective or shallow clouds. In the study, cumulus parameterization used the Kain–
Fritsch (KF; Kain and Fritsch 1993) convective scheme, Betts–Miller– Janjic 
convective scheme, Grell-Devenyi scheme and Grell 3d combined cumulus scheme.  
Planetary Boundary layer scheme can substantially affect temperature and 
moisture profiles in the lower troposphere, which would interact with other schemes 
such as the convective parameterization to influence simulation of precipitation. For 
PBL physics, Yonsei University (YSU; Noh et al. 2003) scheme, Mellor-Yamada-
Janjic scheme, ACM2 PBL, Mellor-Yamada Nakanishi and Niino Level 2.5 PBL, 
Mellor-Yamada Nakanishi and Niino Level 3 PBL and LES PBL were tested 
sequentially.  
 Microphysics options that simulate the non-convective rainfall were also tested. 
Microphysics includes explicitly resolved vapor, cloud, and precipitation processes. 
The simulations used six kinds of microphysics schemes: WRF single-Moment 3- 
class scheme, WRF single-Moment 5- class scheme, WRF single-Moment 6- class 
scheme, Morrison double-moment scheme, WRF Double-Moment 5 class scheme and 
WRF Double-Moment 6 –class scheme(Hong et al., 2004).  
Noah land Surface Model was selected for Land Surface physics. The Rapid 
Radiative Transfer Model (RRTM) scheme was chosen for long-wave radiation and 
the Dudhia (1989) scheme, Goddard short-wave, RRTMG short-wave for short-wave 
radiation.   
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A detailed literature summary table can be found in appendix A. Hence, a few of 
those parameterizations have been chosen from literature and those suited for tropical 
regions. This scaling down of options gave about 18 possible combinations of 
parameterizations. In all these 18 parameterization tests, all the results were compared 
with TRMM observed data. Among the many spatial comparison plots and also the 
time series comparison with station observed rainfall, many tests could not produce 
rainfall forecasting while many other tests forecasted underestimated results. For 
example, when Grell-Devenyi combined and Grell 3d combined option were selected 
for Cumulus Convection scheme, WRF simulated little rainfall. This discrepancy 
highlights the sensitivity in the model results, in particular, the uncertainty associated 
with the convection parameterizations for simulating such an extreme precipitation 
event.  
From the results comparison, the conclusion is that Convective Cumulus scheme 
is the most sensitive scheme for Singapore. With 5-km grid spacing, a convective 
parameterization is required to properly simulate convective rainfall and to keep 
radiation and convection in equilibrium. From the literature review and also the 
studies from the Climate Change in Singapore, Betts-Miller-Janjic and Kain-Fritsch 
schemes are two options which were most suitable ones for tropical convective region. 
In the Kain-Fritsch mass-flux scheme, deep convection is triggered when air parcels 
are computed to have enough buoyancy to reach the level of free convection (Stensrud, 
2007). Betts-Miller-Janjic (BMJ) scheme fits into the class of ―deep layer control‖ 
convections schemes in which convective available potential energy are supplied by 
the large-scale environment. This scheme makes use of empirical observations that 
suggest a typical temperature profile near convective structures (Stensrud, 2007).  
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In my thesis, BMJ scheme was adopted which could produce the most 
approaching result with observed data. Although the planetary boundary layer and 
microphysics schemes have the influence to the precipitation forecast, compared with 
CC scheme, they were less sensitive. Comparatively, the Thompson moisture scheme 
simulated the observed features of the updraft/downdraft cores reasonably well. While 
the Thompson scheme simulated surface rainfall distribution closer to observations, 
the other four schemes overestimated observed rainfall. As parameterization tests are 
very sensitive to the performance of WRF model and very time consuming, 
considering all possible combinations is practically.  These 18 tests should not be 
perfectly enough, however, in reality; the tests could provide the best suitable 
configuration for Singapore region. Due to brevity, all these simulations and results 
are not discussed in this thesis. Added to these choices, the RRTMG scheme for 
radiation and the NOAH land surface model were also used as additional physics 
options. These were chosen as standard options from available literature and the WRF 
manual recommendations. A complete list of parameterization options that were 
tested are given in the Appendix B. All these tests were performed on a particular 
heavy rainfall event that was recorded over Singapore (described later). 
From the comprehensive combination tests, the conclusion is that there is no 
―best scheme,‖ there are just many frequently adequate schemes. Certain schemes 
tend to perform better under certain circumstances. Physical parameterizations 
interact in complex ways, which makes their selection, systematic study, and 
improvement all the more difficult. 
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2.6.4.2 Model domain design sensitivity  
 
Due to meteorological complexities involved in simulating and forecasting the heavy 
rainfall occurrences over a tropical region; use of the WRF modeling system in a 
nested configuration has been selected for the present study. Since the domain 
sensitivity is of importance to the performance of WRF forecast, a domain design 
sensitivity study with three tests as shown in Table 2-1 was conducted. Domain 1 is 
the coarsest mesh and has 133 grid points in the north–south and 139 east–west 
directions, respectively, with a horizontal grid spacing of 45 km. Within Domain 1, 
Domain 2 is nested with grid points at 15 km grid spacing. The fine-mesh Domain 3 is 
with 5 km grid spacing. All domains are centered over Singapore to represent the 
regional-scale circulations.  
In order to evaluate the model performance, one of the heavy rainfall events 
recorded (8
th
 Dec, 2008) over Singapore was chosen. During that day of 8th Dec 2008, 
some rainfall stations recorded the heavy rainfall intensity amount approach 80mm 
per day.  The model simulations were integrated at 0000 UTC 05 Dec 2008 and ended 
at 0000 UTC 09 Dec 2008. The model results were compared with the TRMM 
observations which are 3 hourly accumulated satellite observations available at 0.25 
deg resolution. The parameterization sensitivity studies were carried out for this 
particular event. The Figures 2-1 to  2-15 show the different domain designs and 
accumulated rainfall for 8
th
 Dec, 2008 as simulated by the WRF model with different 
parameterization runs compared with TRMM observations. Figure 2-1 depicted three 
domains from test 1 and Figure 2-2 shows the WRF rainfall results of domain 2 which 
can be compared with the observed rainfall in Figure 2-3. Figure 2-4 shows the WRF 
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rainfall results of domain 3. Similarly, Figure 2-6 to Figure 2-15 show the WRF 
rainfall results of domain 2 and domain3 for another two different domain design tests. 
From the above results, in test 1, Figure 2-2 and Figure 2-3 showed that WRF 
simulations from domain 2 could capture the observed TRMM pattern quite 
accurately. However, it can be seen that in Figure 2-4 and Figure 2-5, the rainfall 
falling down to Singapore region was almost 0 and also the rainfall movement could 
not be shown clearly which indicated that narrow domain 3 would cause failure to 
catch the rainfall falling down to the small Singapore region. Based on this domain 
design, another two tests were designed to determine whether the expanded domain 
would improve the nested domain result. As can be seen in table 2-1, the most nested 
domain for test 1 is Lat (0.48N,2.61N), Lon (102.7E,104.8E); the most nested domain 
for test 2 is Lat (5.51S,5.95N), Lon (95.7E,107.2 E) and the most nested domain for 
test 3 is Lat (10.6S,12.8N), Lon (93.2E,116.3E), they are expanded gradually. In test 3, 
Figure 2-14 and Figure 2-15 clearly show that an expanded domain could improve the 
rainfall results substantially. Simulation results were promising as there seemed to be 
a reasonable agreement against model and observations. 
2.6.4.3 Model resolution sensitivity  
 
Besides domain size sensitivity tests, resolution sensitivity study was performed 
systematically. Since the model can be run at different high resolutions using multiple 
nested domains, a study on the choice of the resolution was made as shown in Table 
2-2. This was also important because the actual Singapore region needed to be at a 
high resolution of about 5 km and it was necessary to study the resolution of other 
mother domains in which the Singapore region was nested. Hence, the sensitivity 
studies were carried on with three different sets of resolution: 45km-15km-5km; 
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36km-12km-4km and 30km-10km-5km (the three sets indicate one large domain and 
two nested domains. The highest resolution was the Singapore region domain.) The 
following figures shows the accumulated rainfall for 8
th
 Dec, 2008 as simulated by the 
WRF model with different parameterization runs compared to TRMM observations. 
Figure 2-16 to Figure 2-23 showed in three tests with different resolution, the WRF 
rainfall results of domain 2 and domain 3 which can be compared with the observed 
rainfall.  
From the above results, Fig 2-16 to Figure 2-23 shows that WRF simulations 
from domain 2 and domain 3 could capture the observed TRMM pattern quite 
similarly. Especially, 30km-10km-5km resolution can simulate the heavy rainfall 
pattern near Singapore region quite well. Simulation results were promising as there 
seemed to be a reasonable agreement against model and observations. It can be 
concluded that higher horizontal resolution contributes to better rainfall amount, and 
better simulation of rainfall lead time in course-grid domains is an important factor to 
spin up precipitation in fine-grid domain. But the finer the resolution, the more data 
that has to be gathered and numbers that have to be crunched. These results indicated 
that the WRF model seemed to be performing well over the Southeast Asian domain 
and was able to provide reasonable forecasts. 
2.6.4.4 Multiple Nesting Sensitivity 
 
Another sensitivity study was also made which tested whether a single nesting 
scheme could replace the use of double nesting scheme. Hence, besides two nesting 
domains, one nested domain system also was designed and tested. The objective of 
the nesting sensitivity tests is to study whether the two domain results can be 
compared with three domain results considering the accuracy and efficiency.  
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Figure 2-25 shows the accumulated rainfall for 8th Dec, 2008 as simulated by the 
WRF model with different parameterization tests compared to TRMM observations. 
From the above results of two nested domains (see Figure 2-25 and Figure 2-26) we 
can see that the simulated results of domain 2 match rather well to its observed 
counterparts. Moreover, for three nested domains, the simulation time was very 
demanding, about one and half days; the two nested domains, however, took only 
about four hours. As the final objective is to continuously forecast rainfall every 6 
hours with the updated GFS data, it is crucial to take the computational time into 
account.  In a real-time simulation, the first cycle of the model simulation should end 
before the GFS data are updated to carry for the following simulation (as it was noted 
earlier GFS data come every 6 hours). From the engineering point of view, this 
nesting sensitivity testing  crucially contributes to the PRACTICAL problem and also 
proved that additional nested domain does not mean better results. From the 
comparison of Figure 2-25 (d) with Figure 2-26, it can be observed that WRF 
simulated result captured the observed rainfall pattern reasonably well and also the 
time series comparison is better than two nested domain: 30km-10km-5km. 
After testing, it was decided to choose a single nesting system than a double 
nesting system. Hence, a single nested system with 30k – 5km was employed for all 
simulations. 
The model results were also compared to the other physical variables of Sea 
Level pressure and Winds on the same day which showed in Figure 2-27 and Figure 
2-28. The results show that a low pressure over the South China Sea near the 
Singapore region was probably the reason that contributed to a heavy rainfall.        
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2.6.4.5 Time series comparison: WRF versus Station data   
Besides the spatial comparison of WRF results and TRMM data, the time series of 
WRF simulated rainfall was compared with corresponding station rainfall data. Five 
stations were selected as Changi, Tengah, Seletar, Paya Lebar and Simei. The 
locations of these five stations were shown in Figure 2-29 (a).  This quantity is shown 
for the simulation using Betts-Miller-Janjic (cumulus convection); Yonsei University 
Scheme (planetary boundary scheme) and Thompson (microphysics scheme). From 
the literature review and also the WRF manual, when WRF resolution is relatively 
high, eg 5 km, researchers mostly prefer to introduce a file (called ‗tslist‘) that 
specifies exact locations of desired stations.  The WRF model is designed in such a 
way that it chooses the closest grid point in the domain with reference to the 
coordinates specified in the ‗tslist‘ file. This file takes in the coordinates information 
of station locations and writes the output for key weather variables for each time step 
the model is being run. From this, the data for the required station can be extracted. 
However, in this thesis, two interpolation methods: Kriging interpolation method 
and bilinear interpolation method were also used to compare with the method by WRF 
itself. Figure 2-29(b) showed all the stations within the 5 km grid. From the 
distribution situation of all the rainfall stations, the five selected rainfall station: 
Changi, Tengah, Seletar, Paya Lebar and Simei were interpolated by the surrounding 
four points which summarized in table 2-3. Following table 2-4 to 2-6 showed the 
comparison among WRF result, Kriging interpolation method and bilinear 
interpolation method on event 7
th
 Dec, 2008, cycle 00, 06, 12 and 18. Figure 2-29 (c) 
depicted the interpolation methods results compared with WRF result on event 7
th
 Dec, 
2008, cycle 06. As can be seen from figure 2-29 (c), three lines approached each other 
closely, especially the heavy rainfall part. The conclusion is that interpolation method 
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produced similar output compared with WRF result. Therefore, following figures only 
showed the WRF method results.  
The strategy is that WRF was run to forecast 24 hours rainfall and updated every 
6 hours with GFS cycle: UTC 00, 06, 12 and 18.  There are four cycles plots in one 
figure, for example, figure 2-30, moving screen is starting from Singapore time 8:00 
(Fig.2-30(a)), 14:00(Fig.2-30(b)), 20:00(Fig.2-30(c)) to 2:00 of next day(Fig.2-30(d)). 
As the screen is moving, the arrows indicate the observed station data and its 
movement in time with the simulation of WRF. Please note the different in scales of 
the vertical axis. It can be seen that for different rainfall value, the scale would be 
automatically adjusted. If we use the same scale, small rainfall is too small to be seen 
clearly. The red dotted line defines the range of 24 forecasts and the subsequent 12 
hours observed rainfall is for comparison convenience as the WRF results in first 24 
hours maybe forecast the observed rainfall in following 12 hours.  
In Fig 2-30(b), we can see blue line representing station observed data while red 
line stands for the WRF simulated rainfall. For Changi station, the WRF results 
forecasted the heavy rainfall ahead of 16 hours to the actual peak rainfall. WRF 
forecasted 40 mm at 5:00 am, 8
th
 Dec and the real rainfall occurred at 6:00 am with 
intensity 12 mm. Similarly, in Figure 2-31(b), for Tengah station, red line clearly 
showed the peak rainfall as to 22 mm while the station observed rainfall is 5 mm and 
the warning time is around 20 hours. Also for other three stations shown in Figure 2-
32(b), Figure 2-33(b) and Figure 2-34(b), at the time 14:00, 7
th
 Dec 2008, the WRF 
results clearly showed that there should be a heavy rainfall event would happen at the 
5:00 am, 8
th
 Dec 2008. 
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Even the WRF model seems overestimated the rainfall for these stations, what is 
most important is that the simulated rainfall can still be useful as an ―advisory‖ signal.  
During an actual event, there will be sufficient time to lower the reservoir water level 
to provide more storage volume within the Marina Reservoir before the actual heavy 
rainfall event takes place. 
From the above analysis, comparison of the station data against WRF simulated 
rainfall (shown in Fig 2-30 to 2-34) indicated that the model performed reasonably 
well. Thus, WRF can be used as an ―advisory‖ signal many hours in advance. 
 
2.6.4.6 Long-term WRF Hindcast: North-East Monsoon Season (Nov 
2009 - Feb 2010) 
 
Although the results for 8
th
 Dec 2008 is rather impressive, scientific study should 
convince people with abundant events and performed the statistic analysis to obtain 
objective conclusion whether WRF model can consistently and accurately forecast 
heavy rainfall in advance.  
With the experience from previous sensitivity tests and optimized 
parameterizations, WRF should be expected to simulate long-term period to compare 
the continuous output against observed rainfall data so that the further study of the 
WRF forecast performance on the monsoon season can be obtained. To this end, a 
continuous 4 months hindcast run was performed over the Northeast Monsoon season 
(Nov 2009 to Feb 2010). The results are shown in Figure 2-35 to Figure 2-38.  
For Changi station, four heavy rainfall events which exceeded 10 mm were 
selected for analysis. Figure 2-35 to Figure 2-38 showed that these four events were 
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forecast reasonably well by WRF when they were compared to the observed data. For 
example, in event 1, Figure 2-35, the heavy rainfall intensity happened at 12:00 noon 
on 5th Nov 2009. It was accurately forecasted already at 20:00 hour on 4th Nov 2009 
by WRF model. 
Similarly, in event 2 which can be seen in Figure 2-36, 19
th
 Nov 2009 is recorded 
as a flooding day in Singapore. According to the Straits Times, waters rose to knee-
high level in Bukit Timah area, flooding the basement car park. Some cars were 
almost submerged in water, prompting frantic residents to move them out to drier 
grounds. The WRF results clearly showed that in the day 18
th
 Nov 2009, at hour 20:00, 
the forecasted rainfall would happen around 10:00 am in next day. In fact, the actual 
flood arrived at 14:00 in 19
th
 Nov 2009. Not only Changi station, other four stations, 
Tengah, Seletar, Paya Lebar and Simei in Appendix C also reported the same flood 
warning which can convince people sufficiently. It is to be mentioned here that all 
GFS data availability are referenced at UTC times and all Singapore results are 
referenced at SGT, local time. 
Besides these two events, WRF simulation results of other two events also 
performed well to forecast actual rainfall in advance. From these four events analysis, 
the WRF results are rather reasonable to reproduce the heavy rainfall and can be a 
good warning system for reservoir management. Besides Changi station, more events 
for other stations are shown in the Appendix C.  
In Appendix C, four stations were arranged in C-1 Tengah, C-2 Seletar, C-3 
PayaLebar and C-4 Simei. In C-1 Tengah station, Figure C-1 to Figure C-5 again 
confirmed the ability of WRF forecasting as an early advisory signal. For example, in 
Figure C-3, the WRF results forecasted the heavy rainfall ahead of 16 hours to the 
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actual peak rainfall. WRF forecasted 25 mm at 18:00, 27
th
 Nov and the real rainfall 
really occurred at 18:00 am with intensity around 20 mm. Similarly, for other stations, 
WRF was also able to produce the reasonable results to actual heavy rainfall.  
Therefore, from the Figure C-1 to Figure C-17 in Appendix C, we can conclude 
that WRF model has the ability to forecast the heavy rainfall to make an advisory 




Precipitation is a notoriously difficult target for both dynamical climate models. Finite 
grid-spacing necessarily limits the ability to resolve the underlying processes, such as 
the formation of clouds. Atmospheric processes that happen on scales smaller than 
that of the model's grid scale but that ignorantly affect the atmosphere (such as the 
large amount of convection that can occur in thunderstorms, cloud formation and the 
release of latent heat, etc.) must be accounted for. The procedure to do this that is 
incorporated into the models is called parameterization. A variety of parameterization 
schemes exist to represent convection and precipitation implicitly and feed their 
effects back to the overall system, but all have limitations, and some may be more 
appropriate than others in certain contexts. Precipitation is also less spatially coherent 
than temperature, and the relationship of climate proxy data to precipitation may be 
non-stationary in time. 
The WRF model has been used as a numerical weather prediction tool to forecast 
rainfall, importantly, as the future implementation of the forecast results will entail 
integrating them into a flood early warning system. The initial results have proved 
that the model has a good potential in forecasting and some results have been 
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satisfactory. The WRF model is able to predict occurrence of event with valuable 
warning period. The four months tests showed that WRF model during the North East 
Monsoon season can produce reasonable performance. 
However, there were still a few points need to be addressed: first of all, spatial 
resolution of the model over Singapore is still coarse (4 to 5 km grid size). Later, 
more accurate resolution, like 1 km should be tested. Secondly, although WRF can 
capture the signals of most of heavy rainfalls in advance, considering the quantity and 
timing, not every rainfall event were captured accurately. 
Therefore, much more testing of the model of its physics and dynamics is 
necessary to improve on model performance. The implementation of data assimilation 
is also crucial to yield credible results which are out of the scope of this work, but 
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Table 2-4 Comparison among WRF result (A), Kriging interpolation method (B) and bilinear interpolation method (C) on event 8th Dec, 2008, cycle 00 
 
Station 6 23 24 25 84 
Hour A B C A B C A B C A B C A B C 
1 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
2 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
4 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
5 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
6 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
7 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
8 0.00  1.10  1.31  0.00  0.16  0.40  0.00  0.86  0.79  1.59  0.63  0.62  1.13  0.50  0.63  
9 0.00  0.95  0.92  0.00  0.16  0.31  0.00  0.88  0.69  0.53  0.38  0.44  1.48  0.42  0.47  
10 0.00  0.23  0.50  0.25  0.20  0.19  0.00  0.61  0.38  0.00  0.22  0.24  1.42  0.07  0.12  
11 0.00  0.19  0.25  0.55  0.41  0.28  0.00  0.24  0.22  0.00  0.11  0.17  0.36  0.12  0.16  
12 0.00  0.00  0.00  0.32  0.19  0.09  0.00  0.12  0.07  0.00  0.03  0.04  0.29  0.00  0.02  
13 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
14 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
15 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
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16 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
17 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
18 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
19 0.21  0.47  0.67  0.09  0.26  0.39  0.00  0.28  0.39  0.32  0.61  0.53  0.03  0.30  0.39  
20 0.26  0.79  0.69  0.00  0.04  0.13  0.11  0.40  0.35  0.02  0.27  0.29  0.43  0.37  0.34  
21 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
22 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
23 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
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6 23 24 25 84 
 A B C A B C A B C A B C A B C 
1 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
2 0.00  0.00  0.00  1.13  0.68  0.32  0.00  0.03  0.08  0.05  0.06  0.10  0.00  0.02  0.07  
3 0.05  0.00  0.00  2.83  2.58  2.05  0.30  0.49  0.95  2.86  1.24  1.22  0.00  0.43  0.87  
4 3.00  0.47  0.64  3.21  3.07  2.76  3.54  1.97  2.11  3.50  2.37  2.31  1.76  2.30  2.26  
5 3.47  3.30  3.32  2.00  2.30  2.54  1.14  2.84  2.82  2.56  2.58  2.63  2.50  2.82  2.74  
6 3.27  2.48  1.96  0.00  0.20  0.58  0.00  1.30  1.32  1.63  1.05  1.05  0.00  2.03  1.59  
7 1.18  1.80  1.35  0.00  0.12  0.37  0.49  0.94  0.87  0.98  0.86  0.76  0.67  1.12  0.94  
8 0.24  0.15  0.24  0.00  0.02  0.07  0.07  0.13  0.14  0.17  0.12  0.13  0.01  0.19  0.17  
9 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.01  0.08  0.00  0.00  0.00  0.00  0.01  
10 0.00  0.00  0.00  0.22  0.18  0.12  0.00  0.02  0.04  0.03  0.04  0.05  0.00  0.01  0.03  
11 0.00  0.00  0.00  0.02  0.03  0.04  0.00  0.02  0.03  0.14  0.06  0.04  0.00  0.01  0.03  
12 0.00  0.00  0.00  0.02  0.02  0.01  0.00  0.00  0.01  0.05  0.01  0.01  0.00  0.00  0.01  
13 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
14 4.81  6.55  9.02  21.38  20.02  17.47  1.47  1.80  1.32  1.48  1.79  1.81  7.65  9.63  12.47  
15 43.38  45.16  43.62  0.28  0.77  0.46  40.37  45.68  41.59  18.12  20.94  20.09  25.87  31.52  24.91  
16 1.05  4.09  3.89  0.52  0.89  1.44  2.21  3.08  2.51  0.00  1.79  2.02  4.71  2.21  2.17  
17 0.13  0.19  0.18  0.00  0.03  0.07  0.28  0.20  0.15  0.14  0.10  0.11  0.31  0.17  0.15  
18 0.60  0.15  0.08  0.00  0.02  0.07  0.92  0.34  0.22  0.34  0.14  0.15  0.49  0.42  0.28  
19 0.03  0.01  0.01  0.01  0.02  0.03  0.04  0.04  0.04  0.14  0.05  0.04  0.05  0.03  0.04  
20 0.30  0.21  0.18  0.08  0.10  0.14  0.28  0.23  0.20  0.17  0.20  0.19  0.28  0.23  0.20  
21 0.00  0.00  0.00  0.01  0.01  0.01  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
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22 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
23 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
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Table 2-6 Comparison among WRF result (A), Kriging interpolation method (B) and bilinear interpolation method (C) on event 8th Dec, 2008, cycle 12 
 
Station 6 23 24 25 84 
 A B C A B C A B C A B C A B C 
1 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
2 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
4 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
5 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
6 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
7 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
8 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
9 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00    0.00  
10 0.00  0.00  0.00  1.41  1.70  1.48  0.00  0.14  0.43  0.00  0.22  0.48  0.00  0.10  0.36  
11 0.02  1.27  1.72  6.76  5.52  3.91  0.00  0.99  1.77  0.32  1.48  2.00  0.16  0.94  1.67  
12 4.92  3.29  3.13  0.44  0.96  1.56  3.22  2.96  2.52  0.16  2.48  2.43  3.03  3.38  2.72  
13 2.11  0.43  0.18  0.17  0.15  0.23  2.06  1.10  0.67  0.02  0.46  0.48  1.73  1.19  0.75  
14 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
15 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
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16 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
17 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
18 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
19 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
20 0.00  0.00  0.00  0.86  0.51  0.23  0.00  0.02  0.05  0.00  0.03  0.06  0.00  0.01  0.04  
21 0.00  0.00  0.00  1.59  1.15  0.69  0.00  0.08  0.21  0.00  0.21  0.28  0.00  0.06  0.18  
22 0.00  0.00  0.00  0.93  0.99  0.83  0.00  0.12  0.29  0.00  0.30  0.39  0.00  0.08  0.25  
23 0.00  0.00  0.00  0.00  0.10  0.12  0.00  0.01  0.04  0.00  0.02  0.04  0.00  0.01  0.03  
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Table 2-7 Comparison among WRF result (A), Kriging interpolation method (B) and bilinear interpolation method (C) on event 8th Dec, 2008, cycle 18 
 
 
Station 6 23 24 25 84 
 A B C A B C A B C A B C A B C 
1 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
2 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
4 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
5 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
6 0.00  0.00  0.00  0.42  0.36  0.26  0.00  0.02  0.07  0.00  0.04  0.08  0.00  0.02  0.06  
7 3.13  5.00  5.88  3.21  5.33  6.15  2.11  3.84  4.62  3.88  4.51  4.85  3.01  3.63  4.40  
8 2.36  3.81  4.08  0.06  0.83  1.76  2.82  2.90  2.84  1.03  2.30  2.52  2.54  3.20  3.07  
9 1.64  1.54  1.28  0.00  0.15  0.53  1.68  1.57  1.32  3.12  0.91  0.93  1.77  1.57  1.35  
10 0.01  0.07  0.03  0.00  0.00  0.01  0.06  0.10  0.06  0.02  0.02  0.03  0.23  0.04  0.03  
11 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
12 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
13 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
14 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
15 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
16 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
17 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
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18 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
19 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
20 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
21 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
22 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
23 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
24 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  





















Figure 2-1Multiple Domain Design for test 1 with different spatial resolutions 



























Figure 2-2 WRF results from four parameterization runs of Domain sensitivity test 1 over domain 2: 
(a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTMG; RRTMG); 
(b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTM; 
Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment6-Class;RRTM; 
Dudhia);(d)run4(Betts-Miller-janjic;Yonsei University Scheme; Thompson; RRTMG; RRTMG) 
 
    
 
 
Figure 2-3 TRMM and GPCP observed rainfall over domain 2: (a) TRMM; (b) GPCP 
(a)                                                       (b)  
(c)                                                       (d)  
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Figure 2-4 WRF results from four parameterization runs of Domain sensitivity test 1 over domain 3: 
(a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTMG; RRTMG); 
(b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTM; 
Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment6-Class;RRTM; 
Dudhia);(d)run4(Betts-Miller-janjic;Yonsei University Scheme; Thompson; RRTMG; RRTMG) 
 
                                                                         
Figure 2-5 TRMM and GPCP observed rainfall over domain 3: (a) TRMM; (b) GPCP 
 
(a)                                                       (b)  
(c)                                                       (d)  


























          
 
                                   
 
Figure 2-6 Multiple Domain Design for test 2 with different spatial resolutions: (a) three domains 






























Figure 2-7 WRF results from four parameterization runs of Domain sensitivity test 2 over domain 2: 
(a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTMG; RRTMG); 
(b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTM; 
Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment6-Class;RRTM; 





Figure 2-8 TRMM and GPCP observed rainfall over domain 2: (a) TRMM; (b) GPCP 
 
(a)                                                       (b)  
(c)                                                       (d)  
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Figure 2-9 WRF results from four parameterization runs of Domain sensitivity test 2 over domain 3: 
(a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTMG; RRTMG); 
(b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTM; 
Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment6-Class;RRTM; 
Dudhia);(d)run4(Betts-Miller-janjic;Yonsei University Scheme; Thompson; RRTMG; RRTMG) 
 
   
 
 
Figure 2-10 TRMM and GPCP observed rainfall over domain 3: (a) TRMM; (b) GPCP 
 
(a)                                                       (b)  
(c)                                                       (d)  




























                                 
Figure 2-11 Multiple Domain Design for test 3 with different spatial resolutions: (a) three domains 
































Figure 2-12 WRF results from four parameterization runs of Domain sensitivity test 3 over domain 2: 
(a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTMG; RRTMG); 
(b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTM; 
Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment6-Class;RRTM; 
Dudhia);(d)run4(Betts-Miller-janjic;Yonsei University Scheme; Thompson; RRTMG; RRTMG) 
   
Figure 2-13 TRMM and GPCP observed rainfall over domain 2: (a) TRMM; (b) GPCP 
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Figure 2-14 WRF results from four parameterization runs of Domain sensitivity test 3 over domain 3: 
(a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTMG; RRTMG); 
(b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-Moment3-Class;RRTM; 
Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment6-Class;RRTM; 
Dudhia);(d)run4(Betts-Miller-janjic;Yonsei University Scheme; Thompson; RRTMG; RRTMG) 
   
 
Figure 2-15 TRMM and GPCP observed rainfall over domain 2: (a) TRMM; (b) GPCP 
           
(a)                                                       (b)  
(c)                                                       (d)  



















      
Figure 2-16 WRF results from four parameterization runs of Resolution sensitivity test 36km-12km-
4km over domain 2: (a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-
Class;RRTMG; RRTMG); (b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-
Moment3-Class;RRTM; Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-
Moment6-Class;RRTM; Dudhia);(d)run4(Betts-Miller-janjic;Yonsei University Scheme; Thompson; 
RRTMG; RRTMG) 
    
 
Figure 2-17 TRMM and GPCP observed rainfall over domain 2: (a) TRMM; (b) GPCP 




















Figure 2-18 WRF results from four parameterization runs of Resolution sensitivity test  36km-12km-
4km over domain 3: (a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-
Class;RRTMG; RRTMG); (b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-
Moment3-Class;RRTM; Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-




Figure 2-19 TRMM and GPCP observed rainfall over domain 2: (a) TRMM; (b) GPCP 




















Figure 2-20 WRF results from four parameterization runs of Resolution sensitivity test  30km-10km-
5km over domain 2: (a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-
Class;RRTMG; RRTMG); (b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-
Moment3-Class;RRTM; Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-
Moment6-Class;RRTM; Dudhia);(d)run4(Betts-Miller-janjic;Yonsei University Scheme; Thompson; 
RRTMG; RRTMG) 
 
Figure 2-21 TRMM and GPCP observed rainfall over domain 2: (a) TRMM; (b) GPCP 
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Figure 2-22 WRF results from four parameterization runs of Resolution sensitivity test  30km-10km-
5km over domain 3: (a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-
Class;RRTMG; RRTMG); (b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-
Moment3-Class;RRTM; Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-
Moment6-Class;RRTM; Dudhia);(d)run4(Betts-Miller-janjic;Yonsei University Scheme; Thompson; 
RRTMG; RRTMG) 
 
Figure 2-23 TRMM and GPCP observed rainfall over domain 2: (a) TRMM; (b) GPCP 
 
 
(a)                                                       (b)  
(c)                                                       (d)  


























                 
                  
Figure 2-24 Multiple Nesting Sensitivity domain design with different spatial resolutions: (a) two 










Chapter 2. Numerical Weather Prediction 
 75 
    
    
 
 
Figure 2-25 WRF results from four parameterization runs of Multiple Nesting Sensitivity test 10km-
5km over domain 2: (a)run1(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-Moment3-
Class;RRTMG; RRTMG); (b)run2(Kain-Fritsch scheme; Mellor-Yamada-Janjic; WRF Single-
Moment3-Class;RRTM; Dudhia);(c) run3(Betts-Miller-janjic; Mellor-Yamada-Janjic; WRF Single-
Moment6-Class;RRTM; Dudhia);(d)run4(Betts-Miller-janjic;Yonsei University Scheme; Thompson; 
RRTMG; RRTMG) 
     
 
Figure 2-26 TRMM and GPCP observed rainfall over domain 2: (a) TRMM; (b) GPCP 
 
(a)                                                       (b)  
(a)                                                       (b)  
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Figure 2-27 Comparison between GFS and simulated WRF Sea Level pressure (hpa) on 8
th
 Dec 2008: 
(a) GFS; (b)WRF 
 
        












     
Figure 2-28 Comparison between GFS and simulated WRF Wind Speed (vectors m/s) 
on 8
th
 Dec 2008: (a) GFS; (b)WRF 
(a)                                                       (b)  
(a)                                               (b)  





















Figure 2-30 (b) Locations of all the rainfall stations over Singapore in 5 km grid




























WRF result Kriging interpolation method bilinear interpolation method
 
Figure 2-31 (c) Comparison among WRF result, Kriging interpolation method and bilinear 
interpolation method on event 7
th
 Dec, 2008, cycle 06 
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Figure 2-32 Comparison between observed and simulated WRF rainfall data on 8
th
 Dec 2008 at Changi 
Station: (a) WRF started at 8:00 of 7
th
 Dec; (b) WRF started at 14:00 of 7
th
 Dec; (c) WRF started at 
20:00 of 7
th
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Figure 2-33 Comparison between observed and simulated WRF rainfall data on 8
th
 Dec 2008 at Tengah 
Station: (a) WRF started at 8:00 of 7
th
 Dec; (b) WRF started at 14:00 of 7
th
 Dec; (c) WRF started at 
20:00 of 7
th 
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Figure 2-34 Comparison between observed and simulated WRF rainfall data on 8
th
 Dec 2008 at Seletar 
Station: (a) WRF started at 8:00 of 7
th
 Dec; (b) WRF started at 14:00 of 7
th
 Dec; (c) WRF started at 
20:00 of 7
th 
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Figure 2-35 Comparison between observed and simulated WRF rainfall data on 8
th
 Dec 2008 at 
PayaLebar Station: (a) WRF started at 8:00 of 7
th
 Dec; (b) WRF started at 14:00 of 7
th
 Dec; (c) WRF        
started at 20:00 of 7
th
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Figure 2-36 Comparison between observed and simulated WRF rainfall data on 8
th
 Dec 2008 at Simei 
Station: (a) WRF started at 8:00 of 7
th
 Dec; (b) WRF started at 14:00 of 7
th
 Dec; (c) WRF started at 
20:00 of 7
th 
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Figure 2-37 Comparison between observed and simulated WRF rainfall data on 5
th
 Nov 2009 at Changi 
Station: (a) WRF started at 8:00 of 7
th
 Dec; (b) WRF started at 14:00 of 7
th
 Dec; (c) WRF started at 
20:00 of 7
th 
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Figure 2-38 Comparison between observed and simulated WRF rainfall data on 19
th
 Nov 2009 at 
Changi Station: (a) WRF started at 8:00 of 18
th
 Nov; (b) WRF started at 14:00 of 18
th
 Nov; (c) WRF 
started at 20:00 of 18
th
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Figure 2-39 Comparison between observed and simulated WRF rainfall data on 2 Dec 2009 at Changi 
Station: (a) WRF started at 8:00 of 1 Dec; (b) WRF started at 14:00 of 1 Dec; (c) WRF started at 20:00 
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Figure 2-40 Comparison between observed and simulated WRF rainfall data on 18
th
 Dec 2009 at 
Changi Station: (a) WRF started at 8:00 of 17
th
 Dec; (b) WRF started at 14:00 of 17
th
 Dec; (c) WRF 
started at 20:00 of 17
th
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CHAPTER 3  
RAINFALL NOWCASTING MODEL: 
TRANSLATION MODEL 
3.1 Introduction 
Traditionally, QPF can be achieved by extrapolating the future rainfall distribution 
from a sequence of radar images (i.e. radar-based rainfall nowcasting) or by solving 
numerically the equations of a NWP model. Weather radars provide high resolution 
spatially distributed data. Therefore, radar-based rainfall estimates are suitable to be 
used for urban hydrological applications, which require data with high spatial and 
temporal resolution. It has been found that the radar-based rainfall nowcast has shown 
better skill for short lead time forecasting; this is expected as radar can capture very 
well the initial precipitation as they are based on the assimilation of the initial 
precipitation state as provided by the radar rainfall estimates.(Lin et al., 2005; Smith 
and Austin, 2000).  The scope of this chapter is to look into the short-term rainfall 
forecasting.  
 
Many methods of short lead time rainfall prediction using weather radar data 
have been proposed. Some researchers have extended these methods to provide the 
uncertainty of real-time rainfall forecasting (Takasao et al., 1994; Georgakakos and 
Krajewski, 1995; Georgakakos, 2000), in which a stochastic state-space form of a 
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rainfall prediction model using operationally available radar data were presented. Seed 
(1999, 2003) used radar maps together with Auto Regressive (AR) models to predict 
rainfall fields spatially. Rainfall nowcasting based on the movement of the radar 
echoes was considered by various researchers. Yasuto (et al., 2003), for example, 
described a short lead time rainfall prediction method using a Translation Model, TM 
(Shiiba et al., 1984; Takasao & Shiiba, 1985), and an error structure of real-time rainfall 
prediction by a translation model as a spatial random field. In the study by Sunmin (et 
al., 2006), the translation model predicted radar rainfall field, and the prediction error 
structure was analyzed spatially and temporally. The extended prediction fields not 
only improved the accuracy of the original prediction by the translation model but 
also gave reliability with variant form of rainfall fields. Sunmin (et al., 2006) in 
another study also studied a real-time flood forecast system proposed with stochastic 
radar rainfall forecasts and recursive measurement update in a distributed hydrologic 
model.  
This chapter is an extraction from a study report ―Development of a Predictive 
Control System for Operational Control of Marina Barrage‖ (Liong et al., 2008) and 
another report ―Multiple-Objective Multi-Reservoir Management‖ (Liong et al., 2011).  
Both reports presented the development and the application of the radar based rainfall 
nowcasting model, the Translation Model (TM). The latter report further improved 
TM which was first deployed in the first report. Chapter 3, translation model is indeed 
a part of group effort. The PhD candidate learned from the team and also actively 
participated in the development and application of Translation Model (e.g. the 
quadratic method). 
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As the author of this thesis attempts to combine the rainfall forecast resulting 
from NWP (with WRF) and the rainfall nowcasting from TM, this chapter 
summarizes the essential points of TM studies presented in the above two reports. TM 
was applied during a North-East Monsoon season and the performance of TM was 
evaluated and presented in Section 3.3.     
In report ―Development of a Predictive Control System for Operational Control 
of Marina Barrage‖ (Liong et al., 2008), TM was first detailed and applied to nowcast 
rainfall events on the Marina catchment. As it is radar based model, the study showed 
that only the last 30minute radar information was relevant to the rainfall nowcasting. 
In the report, the rain cells were approached in two different ways: (1) spatially 
independent, hence, uniform; and (2) spatially dependent but linear. It was shown that 
the spatially dependent approach performed better than its uniform counterpart. It 
should be noted that noise on the radar data (due to ground clutter, sea clutter, Radom 
clutter, bird migration, insects and bugs, ships, etc) are quite a serious issue and are 
first removed; a noise removal filter was introduced in later section 3.2.4.   
In report ―Multiple-Objective Multi-Reservoir Management‖ (Liong et al., 2011), 
TM was further expanded by the quadratic translation vector.  A second order 
function was introduced and compared with its earlier counterparts, uniform and 
spatially dependent linear function.  The second order function performed better in 
most cases.  In this thesis, uniform, first order and second order functions are all 
evaluated and presented. 
In early 2010, a new radar system has been introduced by the Meteorological 
Service Division of the National Environment Agency.  Thus, the evaluation of the 
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second order function on new radar data is warranted. Evaluation is performed using 
the widely used Quantitative Precipitation Forecast (QPF) indicators.   
3.2 Translation Model  
3.2.1 Governing Equations 
Many methods of short-term rainfall prediction using the radar have been proposed 
mainly in Japan. The method selected in both reports, ―Development of a Predictive 
Control System for Operational Control of Marina Barrage‖ and ―Multiple-Objective 
Multi-Reservoir Management‖ adopted the approach of TM suggested in Shiiba et al. 
(1984) and Takasao et al. (1994).   
Translation model in principle identifies the movement of the rain cells, and 
extrapolates them to yield rainfall prediction. The model defines the horizontal 
rainfall intensity distribution, r(x,y,t), with spatial coordinate (x,y) at time t as shown 













    
where u and v are the translation vectors of rain cells along x and y directions, 
respectively, and w is rainfall growth-decay rate along its movement. It should be 
noted that the task of rainfall nowcasting is very difficult since the growth and decay 
of the rain storm is a very complicated process (Bellon and Zawadski (1994). During 
the TM model application, w is turned off. However, from the engineering point of 
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view, this problem was solved skillfully by sampling the TM model every 10 minutes. 
There are two kinds of data to be provided to reservoir operator: 10 minutes or 1 hour.  
Take note that c1-c12 is not constant during the long-term running; parameters always 
update in each run according to the past 30 minutes radar data.  








u x y c x c y c
v x y c x c y c





With this assumption, the parameters c1-c9 can be identified using observed 
rainfall data by the square root information filter. 
3.2.2 Identification of translation vector 
From Equation (3-2), u, v and w can be identified if 1 9,...,c c are known. The following 
section describes how the 9 parameters ( 1 9,...,c c ) are identified from radar images. 
The projected horizontal rectangular area covering the radar observation is 
subdivided into rectangles each of x y  dimension.  The position of each grid point 
and the time t in the above equation are defined as follows: 
 
1
( ) , 1,...,
2
1
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In Equation (3-3), t  is the time interval of the radar observation, M and N are 
the number of subareas along the x-axis and y-axis, respectively, and ( 1)K t   is the 
duration over which the past rainfall distributions 0 0( , , ( 1) ),..., ( , , )r x y t K t r x y t    
are used for indentifying the translation vector. The parameters 1 9,...,c c  are identified 
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 (3-5) 
Partial derivatives in Equation (3-5) are approximated by the central difference in 
space and backward difference in time as:  
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Equation (3-5) becomes 
 1 2 91 2 9...ijk ijk ijk ijk ijka c a c a c b v       (3-9) 
The problem can now be formulated in terms of the matrix as shown in Equation 3-10. 
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i j k
a a c b
a a c b
    
         
         
 (3-10) 
Parameters 1 9,...,c c  are then sequentially identified using some optimization 
techniques such as the Square Root Information Filter. The prediction was then solved 
analytically by the method of characteristics. 
3.2.3 Quadratic translation vector  
In report ―Multiple-Objective Multi-Reservoir Management‖ (Liong et al. 2011), a 
second order or quadratic function was introduced. At each grid point (x, y), the 
translation vectors assume the following form: 
 
2 2
1 2 3 4 5 6
2 2
7 8 9 10 11 12
2 2




u x y c x c xy c y c x c y c
v x y c x c xy c y c x c y c
w x y c x c xy c y c x c y c
     
     
     
 (3-11) 
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With the same procedure which was introduced in 3.2.2, the parameters 181,...cc  
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Parameters 181,...cc  are sequentially identified using some optimization 
techniques such as the Square Root Information Filter. 
From the set of parameters ( 1 18,...c c ), the prediction can then be solved 




1 2 3 4 5 6
2 2
7 8 9 10 11 12
2 2
13 14 15 16 17 18
dx
c x c xy c y c x c y c
dt
dy
c x c xy c y c x c y c
dt
dr
c x c xy c y c x c y c
dt
     
     
     
 (3-13) 
3.2.4 Re-identifying translation vector in the filtered quarter 
The authors of ―Development of a Predictive Control System for Operational Control 
of Marina Barrage‖ proposed to consider only the radar domain which would 
contribute rainfall to the area under consideration.  Weather radar normally covers a 
large area. Depending on the radar system, some have a radar domain covering 
distance of several hundred kilometres. In contrast, the area of urban catchment is 
only a few hundred km
2
. Therefore, the total number of rain cells falling in the 
catchment is only a small portion of those detected on the whole radar domain. 
Bearing that in mind, the scheme proposed in this study was to consider only rain 
cells, of a certain portion on the radar domain, which are likely to reach the catchment 
under consideration; thus, the translation vector identification was then re-evaluated 
for this domain.  
Consider the radar as illustrated in Figure 3-1. The red color represents the 
catchment under consideration while the blue color indicates rain cells. The 
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translation model is first used to identify the global translation vector. Figure 3-2 
shows the identified translation vector. 
After recognizing the global translation vector, only the rain cells in the upper 
right quarter may reach the catchment (Figure 3-3). The filtered quarter is shown in 
Figure 3-3. Rain cells from this portion of data are used to re-identify the translation 
vector Green colored vectors, as shown in Figure 3-4, resulting from this filtered 
quarter instead of the red colored vector derived from the entire radar image (Figure 
3-2). A localized translation vector should logically result in a better rainfall forecast 
for the catchment under consideration. However the re-identified vector in term of 
direction ( re identification  ) and magnitude ( re identificationMag  ) should not be very different 
from the main advection vector ( identification , identificationMag ). 
The rainfall amounts resulting from radar-based forecast and radar data can then 
be compared.   
3.2.5 Quantitative Precipitation Forecast Indicator 
According to the guideline from COST Action 717, topic WG1-8 ―Quantitative 
precipitation forecasts (QPF) based on radar data for hydrological models‖ 
(Mecklenburg et. al., 2002), several criteria can be used for assessing quality of 
rainfall forecast. These criteria can be grouped into 2 categories: 
Match in term of patterns. 
This is a common approach based on the contingency tables. Constructing the 
contingency tables requires defining concepts such as success, failure, and false alarm, 
and they are defined in Table 3-1. It can also be explained further in Table 3-2. 
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From the forecasted field, the number of success (a), number of failure (b), 
number of false alarm (c), and number of correct rejection (d) were counted. And 
based on these numbers, a series of performance indicators is used as shown in Table 
3-3. 
Match in term of basic statistical measures. 
These measures represent discrepancy between the forecasted and the observed 
rainfall e.g. the mean absolute error (MAE), the root mean square error (RMSE), 
correlation coefficient (CC), standard deviation (STD ERR). In this study, the 
correlation coefficient (CC) which describes the proportion of the total variance in the 
observed data that can be explained by the forecasts is used; two other criteria (RMSE 
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   (3-16) 
where iO , iF  are observed and forecast values respectively; O , F  are the means of 
the observed and forecast values respectively; and Nt is the number of data considered. 
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3.3 Application of TM to Marina Catchment 
Singapore lies just north of the equator near Latitude 1.5ºN and Longitude 104ºE. 
Because of its geographical location, maritime exposure and size, its climate is 
characterized by rather uniform temperature and pressure, high humidity, and 
abundant rainfall. The climate of Singapore can mainly be divided into two main 
seasons, the Northeast Monsoon and the Southwest Monsoon, separated by two 
relatively short inter-monsoon periods. 
The following section presents the results of Translation Model applied for the 
period from Sep 2009 to Dec 2009. The radar domain is 140 km 140 km and the 
domain is divided into 480 grids by 480 grids. The radar data come in every 3-5 
minutes. The objective was to forecast rainfall with lead times of up to 3 hours. 
During this period, the PPI (Plan Position Indicator) data were not available and, 
therefore TM was only applied to GIF (Graphic Interchange Format) images. It is 
noted that Translation Model can be performed on both PPI and GIF formats. 
However, since the GIF data give only categorical values as opposed to PPI data 
which give crisp values, the PPI data is supposed to produce better rainfall estimation. 
Radar data have been being received from Meteorological Service Division 
(MSD) under National Environment Agency. The PPI data used Vaisala-IRIS data 
format while the new radar system used Rainbow® 5 data format. Developed by 
SELEX-Gematronik, part of SELEX Sistemi Integrati, a company of Finmeccanica, 
Italy, Rainbow® 5 is the system for multi-radar network management, data analysis 
and display. The PPI data received with the extension of SRI (Surface Rainfall 
Intensity). The coefficients (a, b) of Z-R relationship (Z = aRb, used to convert signal 
strength (dB) into rainfall): a=200, b= 1.6. 
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The output from TM is based on the 1 hour rainfall amount. Different forecasted 
results came from different approaches of translation vectors will be explored. For this 
Chapter, we present the results of three approaches of translation vectors namely: 
Uniform, Non-Uniform (Linear) and Quadratic. 
The forecasted results of TM model are mainly compared with the radar 
observation in two ways:   
1) Areal Average Rainfall (AAR) comparison: The performance indicators 
(QPF) are calculated for 4 sub-catchments (as in Table 3-4).  
2) At site comparison: The performance indicators (QPF) are calculated for 7 
stations which are distributed over the marina catchment. Name of the 7 
stations are given in Table 3-5. 
The location of the sub-catchments and stations are given in Figure 3-5.  
3.3.1 Comparison between various functions of translation 
vector 
3.3.1.1 Areal Average Rainfall (AAR) comparison 
Table 3-6 first presents the two key QPF indicators, Probability of Detection (POD) 
and correlation coefficient (CC).  These indicators are moderately high for lead time 1 
(hour) and they are still good for lead time 2 (hour); however they deteriorate at lead 
time 3 (hour). Overall, the quadratic approach for translation vector show better 
performance than its other two counterparts.  
As can be seen in Table 3-7, the POD indicators for 1 hour lead time for all sub-
catchments are relatively high (greater than 0.5 for the event from Sep 2009 to Dec 
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2009). The Correlation Coefficients are also moderately high for 1 hour lead time. 
Therefore, for the 1-hour lead time, the TM model performance is quite good. These 
indicators (POD and CC) for lead time 2 and 3 are obviously less accurate but they 
still show reasonably good performance. 
In term of statistical matching, the values of Root Mean Square Error (RMSE) 
for all sub-catchments are low (the lower the better), less than 1mm/h for all 3 lead 
times. This show the accuracy of the forecasted rainfall amount over the sub-
catchment. 
The QPF indicators of the TM model for uniform and non-uniform (linear) 
approaches of the translation vectors are quite similar. The quadratic approach of the 
translation vector gives higher values (of POD and CC) in most of the sub-catchments. 
This show the significant improvement of the quadratic approach compare to the 
uniform and non-uniform approaches. 
Table 3-8 shows the percentage of best score of POD and CC for all sub-
catchments. The highest percentage of best score proves that the Quadratic approach 
for translation vectors have greatly enhanced the forecasted results. 
3.3.1.2 At site comparison 
As can be seen in Table 3-9, Table 3-10 and Table 3-11, the QPF indicators at 7 
stations (refer to Table 3-5) are shown for the event from Sep 2009 to Dec 2009. The 
values of POD and CC in Table 3-9, i.e. lead time 1 hour, are quite high for all 
approaches of the translation vectors. This demonstrates good performance of the TM 
model at those stations. The values of Root Mean Square Error (RMSE) at 7 stations 
are greater than that at 4 sub-catchments, but all of them are still less than 2mm/h. 
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Again, the quadratic approach of the translation vector also gives higher values 
(of POD and CC) in most of the stations. This shows the significant improvement of 
the quadratic approach compared to the uniform and non-uniform approaches for lead 
time 1 and 3. However, for lead time 2, the quadratic approach does not show the 
advantage over the other two approaches. 
The high values of the average POD and CC at all stations with Quadratic 
translation vector approach shows, once again, the promising application of the 
translation model.  
Table 3-12 shows the percentage of the best score of POD and CC at all 7 
stations (refer to Table 3-5). The high percentage of best score with the quadratic 
approach proved that the Quadratic approach for translation vectors has greatly 
enhanced the forecasted results. 
3.4 Conclusion 
This chapter first presented an extraction of TM, a short-term range rainfall 
forecasting, developed and used in two earlier studies. Discussed was, e.g. the basic 
principle of TM, noise removal, the numerical approaches (uniform, linear non-
uniform, and quadratic function) adopted, etc. 
In this study TM was further tested on the Marina catchment in Singapore. The 
quadratic function used to determine the coefficients of rain-cell movement yielded a 
better rainfall estimate than its counterparts (uniform and linear non-uniform).   
Rainfall estimation at site, the areal average rainfall (AAR), showed a reasonably 
high correlation coefficient (CC) and probability of detection (POD) when compared 
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with the radar observed rainfalls. The rainfall volume yielded from AAR estimation 
shows a very good match between Translation Model and observed radar data during 
the studied period, Sep-Dec 2009. 
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Table 3-1  Four-cell contingency table 
Measured 
Forecast 
Rain No Rain 
Rain a b 
No Rain c d 
 
 
Table 3-2  Classification of events in the forecast contingency table 
Event Condition 
a: Success (Hit) F > 0 and O > 0 
b: Failure (Miss) F = 0 and O > 0 
c: False Alarm F > 0 and O = 0 
d: Correct Rejection F = 0 and O = 0 
  where F: Forecasted value, O: Observed value 
 
Table 3-3  Criteria used for QPF performance indicator 









[0,1] 1 Proportion of rain events, 










[0,1] 0 Ratio of false alarms to the 
total number of forecasted 
rain events, or the failure of 
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[0,1] 1 Ratio of hits to the number of 
rain events plus the number 










[0,1] 1 The fraction of all forecasts 
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[0,1] 0 Also known as the false rate, 
measures the fraction of 
observed non-events that 
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Table 3-4   Name of sub-catchments used in comparison 
Sub-catchment Code Sub-catchment Name 






Table 3-5  Names of stations used for comparison 
Station Code Station Name Location 
Longitude Latitude 
007 MACRITCHIE RESERVOIR 103.83382 1.34181 
008 LOWER PEIRCE RESERVOIR 103.82741 1.37029 
035 ULU PANDAN S.T.W. 103.73555 1.32607 
043 U.A.O.(KIM CHUAN RD) 103.88808 1.33994 
072 PRINCE EDWARD ROAD 103.84827 1.27388 
078 POOLE ROAD PUMPING STATION 103.89066 1.30706 






Table 3-6   QPF indicators between TM and Radar Observed for four sub-catchments 
 
Event from Sep 2009 to Dec 2009 (Model run for 3 hour forecast) 
 POD CC 
 SRI  STF  RKA  GEY  SRI  STF  RKA  GEY  
Lead Time 1 hour 
Uniform 0.55 0.54 0.62 0.60 0.64 0.46 0.35 0.32 
Non-Uniform 0.57 0.54 0.61 0.61 0.61 0.44 0.48 0.38 
Quadratic 0.62 0.68 0.69 0.68 0.56 0.61 0.58 0.50 
Lead Time 2 hours 
Uniform 0.41 0.42 0.53 0.46 0.36 0.25 0.37 0.14 
Non-Uniform 0.45 0.46 0.51 0.45 0.40 0.22 0.24 0.13 
Quadratic 0.54 0.58 0.56 0.52 0.57 0.54 0.50 0.24 
Lead Time 3 hours 
Uniform 0.30 0.28 0.36 0.28 0.09 0.12 0.18 0.16 
Non-Uniform 0.30 0.26 0.35 0.28 0.08 0.08 0.17 0.17 
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Table 3-7  QPF indicators between TM and Radar Observed for AAR comparison in the event from 
Sep 2009 to Dec 2009 
Event from Sep 2009 to Dec 2009 
Lead 
Time 1 hr 
Uniform Non-Uniform Quadratic 
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Table 3-8 Percentage of best score among 3 approaches for AAR comparison  
 
 
Event from Sep 2009 to Dec 2009 
 Lead Time Uniform Non-Uniform Quadratic 
POD 1 0% 0% 100% 
2 0% 0% 100% 
3 0% 0% 100% 
CC 1 25% 0% 75% 
2 0% 0% 100% 
3 0% 25% 75% 
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Table3- 9  QPF indicators between TM and Radar Observed at some stations for lead time 1 hour 
 
Event from Sep 2009 to Dec 2009 - Lead Time 1 
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Table 3-10  QPF indicators between TM and Radar Observed at some stations for lead time 2 hours 
 
 
Event from Sep 2009 to Dec 2009 - Lead Time 2 
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Table 3-11 QPF indicators between TM and Radar Observed at some stations for lead time 3 hours 
 
 
Event from Sep 2009 to Dec 2009 - Lead Time 3 






























































































































































































































Table 3-12 Percentages of best score among 3 approaches for at-site comparison  
 
Event from Sep 2009 to Dec 2009 
 Lead Time Uniform Non-Uniform Quadratic 
POD 1 29% 0% 71% 
2 57.1% 14.3% 28.6% 
3 0% 0% 100% 
CC 1 14.3% 14.3% 71.4% 
2 42.9% 0% 57.1% 
3 28.6% 14.3% 57.1% 
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CHAPTER 4  
Combined Rainfall Forecasting: 
Coupling TM and WRF 
4.1 Introduction  
In the previous two chapters, rainfall forecasting with Weather Research and 
Forecasting Model (WRF) and rainfall nowcasting with Translation Model (TM) were 
presented.  This Chapter presents an attempt to combine the results of TM and WRF. 
The resulting forecast, the Combined Rainfall Forecasting, offers both short- and 
medium-range rainfall forecasting. 
The conventional use of combined methodologies have been widely discussed 
and applied within the medium-range weather forecasts. They resulted in dramatic 
improvements in the skill of medium-range weather forecasts (Tracton and Kalnay 
1993; Toth and Kalnay 1993; Molteni et al. 1996). Combined techniques have been 
adopted as a practical method for numerical weather prediction given the 
atmosphere‘s sensitive dependence on the initial condition, uncertainties in model 
physics, and the inherent uncertainty in atmospheric prediction (Lorenz 1963). Small 
errors in the initial condition grow exponentially during the forecast integration, so a 
single deterministic forecast may not have high rainfall forecast skill. Improvements 
in rainfall forecasts have been achieved through the use of combined systems 
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consisting of members with perturbed initial conditions (Hamill and Colucci 1997) 
and different physics (Stensrud et al. 2000; Jankov et al. 2005). Combined techniques 
have been developed that vary the initial conditions, physical parameterizations, or 
numerical models, or combinations of two or more of the above methods. These 
techniques all seek to increase forecast skill by combining independent information 
obtained from individual combined members.  
Combined forecast has been extensively used in operations, since early 1990‘s at 
many forecast centers in the world. In recent years, there have been many studies 
discussing the performance of a combined rainfall forecast (Du et al. 1997; Ebert 
2001; Zhang and Krishnamurti 1997). Most of them have shown that the average of 
rainfall forecasts from combined members (the combined mean) provides more 
accurate results than a rainfall forecast from a single combined member. Krishnamurti 
et al. (2001) further showed that a "super combined" which applied regression 
technique in multi systems could result in substantial skill improvements in QPF 
(Quantitative Precipitation Forecast). 
It is quite obvious and understood that the combined approach of various 
medium-range weather forecasts requires a significantly large computational resource 
(both in speed and storage); this combined approach of various medium-range 
weather forecasts is not within the scope of this study.  As indicated earlier, this study 
mainly focuses on the combined approach of a short-range rainfall forecast (TM; up to 
3 hours) and the medium-range rainfall forecast (WRF; up to 24 hours). 
WRF, like other NWP models, requires spin-up period of the model; thus it could 
not generate an adequate accuracy for the first few hours.  In addition, the ‗arrival‘ of 
GFS data itself is often late by 2 – 3 hours, if not longer. Considering the limitation of 
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the computational facility used in this study, the average time required to generate the 
first useful rainfall forecast is about 12 hours.  TM, a short-range rainfall nowcasting 
(based on radar data) comes very ―handy‘ or ―appropriately‖ to substitute the 
―missing‖ first few hours data of WRF forecast.   
Presented in this Chapter is the construction of a combined rainfall forecasting 
approach by combining two rainfall forecasting methods: TM (short-range forecast) 
and WRF (medium-range forecast).  The combined/coupled TM and WRF model is to 
serve the operational rainfall forecasting.  It should be noted again that at the stage of 
this thesis writing, the server of Singapore-Delft Water Alliance has not been set-up 
for operational purposes.  Thus, with limited computational resources WRF was tested 
and run for hindcasting.  All results presented here are thus based on rainfall 
hindcasting.    
My main ORIGINAL contributions in the thesis:  (1) Finding the most 
suitable/sensitive parameterization schemes of WRF, and sensitive domain and spatial 
resolutions for Singapore; (2) determining an appropriate scheme to combine 
nowcasting and forecasting outcomes to yield quite accurate rainfall forecasting up to 
3 hours and a very useful rainfall advisory for up to 24 hour forecast horizon.   
4.2 Approach  
The purpose of combining/coupling WRF and TM is to provide both short- and 
medium-range rainfall forecasting.  The approach is presented below. It first lists the 
essence of TM and WRF and followed by the combined approach: 
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1. TM, the radar based rainfall nowcasting, gives rainfall estimates of the 
immediate next 3 hours.  TM results are updated every hour.  As there are 
always two hourly overlapping rainfall estimates from the immediate previous 
and the most current TM results, rainfall estimates from the most current TM 
simulation always supersede (Fig. 4-1).   
2. WRF produces rainfall estimates of the immediate next 24 hours.  
WRF is run every 6 hours at 00:00, 06:00, 12:00, and 18:00 as at these hours 
data from GFS (Global Forecasting Systems) are supposed to be available.    
3. Delay in the ―arrival‖ of GFS data, spin-up time required for WRF, and 
computational time altogether take about 12 hours.  Thus, the WRF results, 
operationally useful for rainfall estimates, are only those simulated after the 
12
th
 hour. This means only 12 (= 24 – 12) hour useful rainfall estimates can be 
considered from each of the 00:00, 06:00, 12:00, and 18:00 hour simulations.   
4. Similar to TM, WRF results are updated every 6 hours.  As there are 
always six hourly overlapping rainfall estimates from the immediate previous 
and the most current WRF results, rainfall estimates from the most current 
WRF simulation supersede (Fig. 4-2). As shown in Fig. 4-2, at 0:00 hour, 
WRF has useful information for the next 24 hours.  The same applies for WRF 
at 06:00, 12:00, and 18:00 hours.   
5. Figure 4-3 shows the rainfall estimates when both TM and WRF are 
combined/coupled at a particular hour, e.g. 00:00. With this setup, both TM & 
previous WRF can produce the forecast from 0:00 to 3:00. And in order to get 
a combined forecast result, the combined rainfall forecasting is constructed by 
a weighted sum of the two forecasts. In order to obtain the most suitable 
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weights assigned to WRF and TM model, various weights pairs were selected, 
applied and thus analyzed the results, respectively. The rule for selecting 
weights is that more weights should be assigned to TM model since TM‘s 
estimate is based on rain cells detected on the radar. Table 4-1 and Table 4-6 
listed summary of some of the essential rainfall parameters (occurrence time, 
maximum or peak rainfall intensity, total rainfall volume) of both the 
simulated and the observed rainfall with the different weights. Table 4-7 to 4-
12 summarized the relative error between observed and combined rainfall 
parameters (occurrence time, maximum rainfall intensity and rainfall volume).  
Table 4-7 and Table 4-8 proved that when the weight is 0 or 1 which means 
the combined model only considered the sole contribution from WRF model 
or TM model, the rainfall intensity would overestimate or underestimate 
dramatically. This observation confirmed the importance of combination of 
two models could produce better results than the single member. From the 
table, it can be observed that the occurrence time is not sensitive to the weight 
selection as the weight only has impact on the quantity of combined rainfall.  
When the weight is 0.7 for TM, the relative error for the rainfall intensity in 
most of time is less than 40% and the rainfall volume also under 40%. 
Compared with table 4-10, table 4-11 showed that with TM weight 0.8, the 
relative error for both the intensity and volume were larger than the weight 0.7.    
For the TM weight 0.6 and 0.5, although the relative error for volume is 
compatible with that of weight 0.7, the relative error in intensity is much worse. 
The weights adopted in the combined rainfall forecasting are 0.7 for TM result 
and 0.3 for WRF as these weights seem to yield the reasonable results. 
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4.3 Application, Results and Discussion 
The combined rainfall forecasting model is now tested on several stations. It provides 
an hourly forecast of a 24 consecutive hours ahead for the following rainfall stations; 
their locations are shown in Figure 4-4:  
1. Paya Lebar station  
2. Tengah station  
3. Changi station  
4. Seletar station  
5. Simei station  
4.3.1 Results and Discussion 
4.3.1.1 Rainfall Event on 8th December 2008 
Changi Station 
Figures 4-5 showed the rainfall forecasting results based on WRF and TM Forecasting 
on 8
th
 Dec 2008 for Changi station. Figures 4-5(a) and 4-5(b) were the results from 
the continuous two cycles of WRF runs. Figure 4-5(a) presented the WRF run starting 
at 14:00 with forecast from the first 12 hours (from 14:00 of the first day to 02:00 of 
the second day) considered not useful, in the real online operation, as about this much 
time is required for the delay in GFS data arrival and for model spin-up; the 
simulation results of the second 12 hours (red bars; from 02:00 to 14:00 of the second 
day) were the one we can count on in the real online operation. Figures 4-5(c), 4-5(d) 
and 4-5(e) depicted nowcasting results from TM. Figure 4-5 (c) presented the 
simulation for the period of 03:00 - 06:00, updated hourly by the following 
consecutive two plots, Figures 4-5(d) and 4-5(e). The observed rainfall data (blue bars 
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in these figures) were also plotted for comparison with the rainfall forecasting 
resulting from the two models, WRF and TM.  The red dotted lines in all figures 
referred to the forecasting periods for all the models, 24 hours for WRF and 3 hours 
for TM. 
For TM nowcasting, as the rainfall intensity from 14:00 of 7
th
 Dec up to 02:00 of 
8th Dec was either zero or very small, no plot during this period is presented. Note 
that we are mainly interested in the rather more significant or heavy rainfalls which, 
for this event, started from 03:00 of 8
th
 Dec. Thus, only results from this time onwards 
are presented. Similarly, the WRF run started at 02:00 of 8
th
 Dec was also not plotted 
as its useful results, in the real online forecasting, will come only 12 hours later, i.e. at 
14:00 of 8
th
 Dec. In Figures 4-5(a) and 4-5(b), WRF forecasted the rainfall within a 
lead time of 24 hours, starting at time 14:00 and 20:00 of the first day, respectively. 
Figure 4-5(a) showed that WRF run started at 14:00 forecasted a heavy rain at time 
05:00 on the second day (marked with red color). The blue color indicated the actual 
observations at 06:00 on the second day. Compared to the measured data, WRF 
forecasting rainfall could forecast the actual heavy event 16 hours in advance. 
However, the amount of rainfall at 05:00 was overestimated (about 40mm vs.11mm). 
Thus, WRF can serve as an early advisory signal.  Note that in Figure 4-5(b) which 
depicted results from WRF started at 20:00 of 7
th
 Dec could not forecast the rainfall of 
06:00 of 8
th
 Dec due to the required 12-hour WRF spin-up period.  Overall, WRF has 
the ability to mimic the measured rainfall though there are still rooms for 
improvement. 
In the following Figures 4-5(c), 4-5(d) and 4-5(e), results were obtained from 
TM model. TM can only forecast rainfall event of the next 3 hours. In Figure 4-5(e), 
 Chapter 4. Combined Rainfall Forecasting: Coupling TM and WRF 
 123 
the TM‘s forecast, started at 05:00m, estimated rain of the amount of about 14mm at 
06:00. The forecast matched quite well with the observed rainfall both in time and 
amount. 
According to the method described in Section 4.2 (Approach), the results from 
the Combined Rainfall Forecasting were obtained with appropriate weights assigned 
to WRF and TM simulation results. Figures 4-6 shows the construction of a sequential 
three moving windows at 3:00, 4:00 and 5:00.  Again, as our focus is on heavy rainfall 
period, the combined rainfall forecasting presented only relevant plots each of a 12-
hour period. In Figure 4-6(a), starting from 3:00, combined rainfall forecasting 
predicted a heavy rainfall of about 12 mm at 5:00; the actual rainfall occurred at 6:00 
with around 11 mm. So the combined rainfall forecasted the heavy rainfall ahead of 3 
hours ahead for the moving window at 3:00 and 2 hours ahead when the window 
started at 4:00 as well. When the combined forecast started at 5:00, as shown in 
Figure 4-6(c), the forecasted rainfall at 6:00 is of the amount of 11 mm which 
compared accurately with the observed rainfall (about 11 mm at 6:00). Thus, the 
Combined Rainfall Forecast yields much better forecast, in both quantity and the 
occurrence time, than its individual component, WRF and TM (Figure 4-5).  The total 
rainfall volume for the period of 12 hours was first underestimated (about 17mm vs. 
24mm from observation) as the Combined Rainfall Forecasting started at 3:00 and 
4:00, but then overestimated (about 38mm vs. 24mm from observation) when the 
moving window started at 5:00.  Note that having a reasonably good match on the 
total rainfall volume is important as the resulting total runoff volume plays a key role 
in the operational water transfer decision making from reservoirs to reservoirs. As 
mentioned in previous approach section, Table 4-1 and Table 4-2 listed summary of 
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some of the essential rainfall parameters (occurrence time, maximum or peak rainfall 




 Dec 2008 rainfall event, Table 4-1 summarizes the various rainfall 
parameters (e.g. maximum rainfall intensity, occurrence time, total volume) obtained 
from the Combined Rainfall Forecasting and from the observation. Figures 4-7 to 4-
14 showed the rainfall forecasting results based on WRF and TM on 8
th
 Dec 2008 at 
Tengah, Seletar, Paya Lebar and Simei stations.  
Figure 4-7 and Figure 4-8, for Tengah station, showed that the Combined 
Rainfall Forecast could forecast the actual rainfall a few hours ahead with a 
reasonable accuracy. However, as the actual rainfall lasted 10 hours with rather 
insignificant rainfall, the total rainfall volume of the observed rainfall within the 12 
hour period accumulated and was hence underestimated by the Combined Rainfall 
Forecast.  
Figure 4-9 and Figure 4-10, for Seletar station, first showed that WRF, started at 
14:00, was able to give a clear signal at 21 hours ahead of the actual rainfall occurred 
at 11:00; though the simulated rainfall is an overestimation of the observed rainfall the 
Advisory signal is useful.  Note that the total rainfall volume of Combined Rainfall 
Forecasting is 27.37 mm and the actual rainfall is 21.8mm.  It shows that the 
Combined Rainfall Forecasting results in reasonably good forecast.  
For Paya Lebar station, Figure 4-11 and Figure 4-12 again show that WRF 
forecast rainfall could capture the observed rainfall as early as 16 hours in advance 
although the amount of rainfall at 05:00 was overestimated (about 40mm vs.8 mm 
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from observation). Again, this ―Advisory‖ signal is nevertheless useful. However, 
considering both TM and WRF together, the combined rainfall can give reasonably 
accurate forecasting at 5:00 both in term of the rainfall quantity and time of 
occurrence.  
Figure 4-13 and Figure 4-14, for Simei station, shows that the Combined Rainfall 
Forecasting shows very good forecast. Again, the ―Advisory‖ signal was delivered by 
WRF and would be tremendously useful in the real operation. 
4.3.1.2 Rainfall Event on 18th and 19th November 2009 
The rainfall event on 8
th
 Dec 2008 was initially chosen to evaluate the performance of 
WRF, TM, and the Combined Rainfall Forecasting.  As the results are quite promising, 
a seasonal North-East Monsoon of 2009 was further considered.  Note that only 
North-East monsoon during November and December 2009 period was considered as 
the radar system was totally non-functional from January 2010 and dismantled for 
replacement with a new radar system.  The new radar system was fully installed and 
has been operational since May 2010.   
A comparison between observed rainfall and rainfall simulated by WRF, TM, 
and the Combined Rainfall Forecasting is now performed on another heavy rainfall 
during this North-East Monsoon period, rainfall event of 18
th
 Nov 2009.  Results are 
presented in Figures 4-15 to 4-24 (for all 5 rainfall stations).  
Changi Station  
Figures 4-15 to Figure 4-18 showed the rainfall forecasting resulting from WRF and 
TM respectively for rainfall event on 18
th
 Nov 2009 at Changi station. Figure 4-15(a) 
showed that WRF run started at 20:00 forecasted a heavy rain at time 10:00 on the 
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second day while the actual rainfall occurred at 14:00 on the second day. Compared to 
the measured data, WRF forecasting rainfall could forecast the actual heavy event 18 
hours in advance. However, the amount of rainfall at 10:00 was underestimated (about 
22mm vs. 36mm observed). Figures 4-15(c), 4-15(d) and 4-15(e) are results obtained 
from TM model which estimated no rain at all. Figure 4-16 showed a radar image 
indicating the locations of the rainfall stations considered in this study; Changi station 
is at the centre of the radar image. Upon looking closely at the radar images during 
these periods we found that: no rain cells above the Changi station from 9:30 to 12:00 
on 19
th
 Nov 2009 as shown in Figure 4-17. As TM model adopted the past continuous 
30 minutes radar images to produce the next 3 hours forecast and the radar image 
could not capture the rain cells over Changi Station, therefore TM forecasted nothing 
from 10:00 to 12:00. The resulting rainfall obtained from the Combined Rainfall 
Forecast came therefore solely from WRF output as TM yielded zero rainfall on 
Changi.  Figure 4-18 shows the results from the combined rainfall forecast at Changi; 
the forecast underestimated the observed heavy rainfall when the moving window 
started at 10:00.  
Other Stations 
Figure 4-19 and Figure 4-20 showed that Combined Rainfall Forecasting could 
forecast the actual rainfall at Tengah Station with a reasonable accuracy both in 
maximum intensity and its occurrence time; the total volume is, however, relatively 
underestimated.  
At Seletar Station, Figure 4-21 and Figure 4-22, the Combined Rainfall 
Forecasting resulted in underestimated peak/maximum rainfall intensity for the one 
hour lead time. However, the total rainfall volume resulting from the Combined is 
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excellent which is around 20 mm compared to 21 mm from the observation. As 
mentioned earlier, to have a reasonably good match on the total rainfall volume is 
important as the resulting total runoff volume plays a key role in the operational water 
transfer from reservoirs to reservoirs.  
For PayaLebar Station, Figure 4-23 showed that WRF forecast rainfall captured 
the observed rainfall 15 hours in advance although the amount of rainfall at 17:00 was 
overestimated (about 15 mm vs.6 mm from observation). However, the combined 
rainfall yields reasonably accurate forecasting at 17:00 both in maximum rainfall 
intensity and it occurrence time as shown in Figure 4-24(a) and Figure 4-24(b). In 
Figure 4-24(c), combined rainfall overestimated the observed rainfall. Figure 4-24 
shows the superiority of the combined forecast over its individual components, TM or 
WRF. 
Figure 4-25 and Figure 4-26, for Simei station, showed that combined rainfall 
could forecast the actual rainfall with reasonable accuracy in both time of occurrence 
and volume. Similarly, results of other 4 selected heavy rainfall events of all 5 stations 
were presented and discussed in Appendix D.  
4.4 Conclusions 
Previous studies have been focusing mainly on either (1) Ensemble of NWP models 
with various paramerization schemes and initial conditions; OR (2) radar based 
nowcasting.  ONLY a few studies have combined NWP and radar based nowcasting. 
To fill this research gap, the objective of this research is to consider: Translation 
Model (TM) and WRF, and to construct a combined rainfall forecasting model.  Such 
a method can efficiently take advantage of both (1) the latest precipitation distribution 
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information from weather radar and (2) well spun-up NWP for longer lead times. In 
short, the information from WRF can certainly be treasured an advisory tool.   
In the research study presented so far, two rainfall forecasting methods were 
selected and examined: WRF and TM models. Based on the results obtained from TM 
and the WRF, a combined rainfall forecasting was constructed with different weights 
assigned to results obtained from TM (weight: 0.7) and WRF (weight: 0.3). In the 
future, when real time forecasting is operational, the weight ratio should be revisited 
and, thus, a more appropriate weight ratio can be optimized. 
Results presented in this Chapter consist of (1) the individual results from WRF 
and from TM, and (2) the results from the Combined Rainfall Forecasting.  All results 
were compared to station observations.  Five stations in Singapore were considered in 
this study. 
The study showed that WRF can forecast a heavy rainfall event over 24 hours 
ahead although the intensity may not match the actual observations. Nevertheless, this 
information is useful as the results suggest an occurrence of a heavy event in the 
forecasted period. Hence it is still very useful for decision making, for example, in 
water transfer from one reservoir to the other.  Therefore, the information from WRF 
can be considered as advisory, at this stage.  Much more work and fine-tuning of the 
model are required to improve the intensity signals. TM, on the other hand, can yield, 
as expected, much more precise rainfall estimate than WRF as TM‘s estimate is based 
on rain cells detected on the radar. TM is appropriate only for nowcasting up to about 
3 hours ahead.   The combined results from WRF and TM have shown the reasonable 
forecast prediction of the rainfall parameters (maximum intensity, its occurrence time, 
and/or volume). The proposed approach is quite promising. Continuous online testing 
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has to be conducted to allow further fine tuning of WRF, TM, and the Combined 
Rainfall Forecasting.  A dedicated computational node is still not available at the time 
this thesis is completed and hence additional testing would require such resources as 
the WRF model is demanding in computation.  
In lieu of the results and discussions of the research work presented in the earlier 
section 4.1, it can be concluded that the average of rainfall forecasts from combined 
members provide more accurate results than do the rainfall forecasts from a single 
combined member (Du et al. 1997; Ebert 2001; Zhang and Krishnamurti 1997).  
Hence, it is suggested to use a combined approach that accounts for both the rainfall 
nowcasting and rainfall forecasting in providing useful forecasts. The employment of 
data assimilation techniques for the WRF model is also likely to improve the forecasts 




































Table 4-1 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 

























4:00 5:00 40.37 45.85 















4:00 6:00 0.52 0.97 















4:00 5:00 18.12 18.63 















4:00 5:00 43.38 47.28 















4:00 5:00 25.87 33.11 




































 Table 4-2 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 

























4:00 9:00 2.06 3.43 















4:00 6:00 2.95 5.88 















4:00 5:00 10.56 20.63 















4:00 9:00 2.11 4.02 















4:00 9:00 1.73 2.22 





































 Table 4-3 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 

























4:00 5:00 20.19 24.64 















4:00 6:00 1.73 3.43 















4:00 5:00 14.34 19.63 















4:00 5:00 21.91 25.65 















4:00 5:00 12.94 17.67 





































 Table 4-4 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 

























4:00 5:00 12.11 16.16 















4:00 6:00 2.22 4.41 















4:00 5:00 12.83 20.03 















4:00 5:00 13.32 16.99 















4:00 5:00 7.76 11.49 





































 Table 4-5 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 

























4:00 5:00 8.07 11.91 















4:00 6:00 2.46 4.9 















4:00 5:00 12.07 20.23 















4:00 5:00 9.02 12.67 















4:00 5:00 5.17 8.4 




































 Table 4-6 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 

























4:00 5:00 16.15 20.4 















4:00 6:00 1.98 3.92 















4:00 5:00 13.58 19.83 















4:00 5:00 17.61 21.32 















4:00 5:00 11.12 15.51 






































Table 4-7 Summary of comparison of essential rainfall parameters relative error between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 
Parameters relative error  
Occurrence time of 
Maximum 
Rainfall 

















1 260.4 93.9 
1 260.4 87.9 





6 409.0 -23.5 
4 -87.6 -96.7 





6 174.5 -7.8 
6 174.5 -14.5 





1 456.2 117.0 
1 456.2 97.0 





1 223.4 108.0 
1 223.4 68.9 







































Table 4-8 Summary of comparison of essential rainfall parameters relative error between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 
Parameters relative error  
Occurrence time of 
Maximum 
Rainfall 

















3 -81.6 -86.6 
3 -81.6 -85.9 





1 -96.0 -99.4 
4 -29.8 -79.9 





3 -94.8 -96.2 
6 60.0 -5.4 





3 -72.9 -88.2 
3 -72.9 -83.3 





3 -78.4 -87.1 
3 -78.4 -88.7 



































 Table 4-9 Summary of comparison of essential rainfall parameters relative error between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 
Parameters relative error  
Occurrence time of 
Maximum 
Rainfall 

















1 80.3 3.6 
1 80.3 1.0 





6 154.5 -61.4 
4 -58.8 -88.3 





6 38.6 -52.0 
6 117.3 -10.0 





1 178.1 14.4 
1 180.9 6.9 





1 61.8 10.5 
1 61.8 -9.8 







































Table 4-10 Summary of comparison of essential rainfall parameters relative error between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 
Parameters relative error  
Occurrence time of 
Maximum 
Rainfall 

















1  8.1 -32.5 
1 8.1 -33.8 





6 52.6 -76.6 
4 -47.1 -84.9 





6 -15.8 -69.7 
6 94.4 -8.1 





1 66.9 -26.6 
1 70.8 -29.2 





1 -3.0 -28.6 
1 -3.0 -41.4 




































 Table 4-11 Summary of comparison of essential rainfall parameters relative error between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 
Parameters relative error  
Occurrence time of 
Maximum 
Rainfall 

















1  -27.9 -50.5 
1 -27.9 -51.2 





6 1.9 -84.2 
6 -41.4 -83.2 





6 -42.9 -78.5 
6 82.9 -7.2 





1 11.3 -47.1 
1 15.6 -47.2 





1 -35.4 -48.1 
1 -35.4 -57.1 








































Table 4-12 Summary of comparison of essential rainfall parameters relative error between observed and combined rainfall forecasting results: Rainfall Event on 8th Dec 2008 




Date of Rainfall 
Event 
Parameters relative error  
Occurrence time of 
Maximum 
Rainfall 

















1  44.2 -14.4 
1 44.2 -16.4 





6 103.6 -69.0 
6 -52.9 -86.6 





6 11.5 -60.8 
6 105.8 -9.0 





1 122.4 -6.1 
1 125.8 -11.2 





1 29.4 -9.0 
1 39.0 -20.9 








































Table 4-13 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 18th and 19th Nov 2009 





Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 



























11:00 11:00 1.26 8.34 















12:00 15:00 18.1 19.31 















15:00 16:00 7.75 12.19 















15:00 17:00 4.48 7.28 















15:00 17:00 3.23 4.04 








































































                                                        
Figure 4-2 Moving forecasting windows of WRF: (a) started at -12:00; (b) started at -6:00; (c) started at 
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Figure 4-4 Locations of five rainfall stations over Singapore 
TM + WRF at 0:00 
      WRF 
started at - 6:00 
          0:00 06:00 12:00 3:00 
WRF 
started at - 12:00 
24:00 
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Figure 4-5 Comparison between observed and simulated WRF and TM rainfall data on 8
th
 Dec 2008 at Changi Station: (a) WRF started at 14:00 of 7
th
 Dec; (b) WRF started 
at 20:00 of 7
th
 Dec; (c) TM started at 3:00 of 8
th
 Dec; (d) TM started at 4:00 of 8
th
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Figure 4-6 Comparison between observed and Combined rainfall forecasting data on 8
th
 Dec 2008 at Changi Station: (a) Combined rainfall forecasting started at 3:00 of 8
th
 
Dec; (b) Combined rainfall forecasting started at 4:00 of 8
th
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Figure 4-7 Comparison between observed and simulated WRF and TM rainfall data on 8
th
 Dec 2008 at Tengah Station: (a) WRF started at 14:00 of 7
th
 Dec; (b) WRF started 
at 20:00 of 7
th
 Dec; (c) TM started at 3:00 of 8
th
 Dec; (d) TM started at 4:00 of 8
th
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Figure 4-8 Comparison between observed and Combined rainfall forecasting data on 8
th
 Dec 2008 at Tengah Station: (a) Combined rainfall forecasting started at 3:00 of 8
th
 
Dec; (b) Combined rainfall forecasting started at 4:00 of 8
th
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Figure 4-9 Comparison between observed and simulated WRF and TM rainfall data on 8
th
 Dec 2008 at Selatar Station: (a) WRF started at 14:00 of 7
th
 Dec; (b) WRF started 
at 20:00 of 7
th
 Dec; (c) TM started at 3:00 of 8
th
 Dec; (d) TM started at 4:00 of 8
th
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Figure 4-10 Comparison between observed and Combined rainfall forecasting data on 8
th
 Dec 2008 at Seletar Station: (a) Combined rainfall forecasting started at 3:00 of 8
th
 
Dec; (b) Combined rainfall forecasting started at 4:00 of 8
th
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Figure 4-11 Comparison between observed and simulated WRF and TM rainfall data on 8
th
 Dec 2008 at Paya Lebar Station: (a) WRF started at 14:00 of 7
th
 Dec; (b) WRF 
started at 20:00 of 7
th
 Dec; (c) TM started at 3:00 of 8
th
 Dec; (d) TM started at 4:00 of 8
th
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Figure 4-12 Comparison between observed and Combined rainfall forecasting data on 8
th
 Dec 2008 at PayaLebar Station: (a) Combined rainfall forecasting started at 3:00 of 
8
th
 Dec; (b) Combined rainfall forecasting started at 4:00 of 8
th
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Figure 4-13 Comparison between observed and simulated WRF and TM rainfall data on 8
th
 Dec 2008 at Simei Station: (a) WRF started at 14:00 of 7
th
 Dec; (b) WRF started 
at 20:00 of 7
th
 Dec; (c) TM started at 3:00 of 8
th
 Dec; (d) TM started at 4:00 of 8
th
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Figure 4-14 Comparison between observed and Combined rainfall forecasting data on 8
th
 Dec 2008 at Simei Station: (a) Combined rainfall forecasting started at 3:00 of 8
th
 
Dec; (b) Combined rainfall forecasting started at 4:00 of 8
th
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Figure 4-15 Comparison between observed and simulated WRF and TM rainfall data on 19
th
 Nov 2009 at Changi Station: (a) WRF started at 20:00 of 18
th
 Nov; (b) WRF 
started at 2:00 of 19
th
 Nov; (c) TM started at 10:00 of 19
th
 Nov; (d) TM started at 11:00 of 19
th




















































































































              
       
Figure 4-17 Radar Image on 19
th
 Nov 2009 (a) at 9:32; (b) at 9:40; (c)at 9:49;(d)at 9:57;(e)at 10:31;(f) at 10:40 
d                                                                          e                                                                         f 



































                 
        
Figure 4-17 (continued) Radar Image on 19
th
 Nov 2009 (g) at 10:48; (h)at 10:57;(i) at 11:30;(j)at 11:39;(k)at 11:48;(l)at 11:57 
g                                                                           h                                                                           i 
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Figure 4-18 Comparison between observed and Combined rainfall forecasting data on 19
th
 Nov 2009 at Changi Station: (a) Combined rainfall forecasting started at 11:00 of 
19
th
 Nov; (b) Combined rainfall forecasting started at 12:00 of 19
th
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Figure 4-19 Comparison between observed and simulated WRF and TM rainfall data on 19
th
 Nov 2009 at Tengah Station: (a) WRF started at 20:00 of 18
th
 Nov; (b) WRF 
started at 2:00 of 19
th
 Nov; (c) TM started at 11:00 of 19
th
 Nov; (d) TM started at 12:00 of 19
th












































































                                 














    2009-11-18




















    2009-11-18



















    2009-11-18






Figure 4-20 Comparison between observed and Combined rainfall forecasting data on 19
th
 Nov 2009 at Tengah Station: (a) Combined rainfall forecasting started at 11:00 of 
19
th
 Nov; (b) Combined rainfall forecasting started at 12:00 of 19
th
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Figure 4-21 Comparison between observed and simulated WRF and TM rainfall data on 18
th
 Nov 2009 at Seletar Station: (a) WRF started at 2:00 of 18
th
 Nov; (b) WRF 
started at 8:00 of 18
th
 Nov; (c) TM started at 14:00 of 18
th
 Nov; (d) TM started at 15:00 of 18
th
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Figure 4-22 Comparison between observed and Combined rainfall forecasting data on 18
th
 Nov 2009 at Seletar Station: (a) Combined rainfall forecasting started at 14:00 of 
19
th
 Nov; (b) Combined rainfall forecasting started at 15:00 of 19
th
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Figure 4-23 Comparison between observed and simulated WRF and TM rainfall data on 18
th
 Nov 2009 at PayaLebar Station:(a) WRF started at 2:00 of 18
th
 Nov; (b) WRF 
started at 8:00 of 18
th
 Nov; (c) TM started at 14:00 of 18
th
 Nov; (d) TM started at 15:00 of 18
th
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Figure 4-24 Comparison between observed and Combined rainfall forecasting data on 18
th
 Nov 2009at Payalebar Station: (a) Combined rainfall forecasting started at 14:00 of 
19
th
 Nov; (b) Combined  rainfall started at 15:00 of 19
th
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Figure 4-25 Comparison between observed and simulated WRF and TM rainfall data on 18
th
 Nov 2009 at Simei Station:(a) WRF started at 2:00 of 18
th
 Nov; (b) WRF started 
at 8:00 of 18
th
 Nov; (c) TM started at 14:00 of 18
th
 Nov; (d) TM started at 15:00 of 18
th
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Figure 4-26 Comparison between observed and Combined rainfall forecasting data on 18
th
 Nov 2009 at Simei Station: (a) Combined rainfall forecasting started at 14:00 of 
19
th
 Nov; (b) Combined rainfall forecasting started at 15:00 of 19
th
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CHAPTER 5  
RAINFALL-RUNOFF MODEL: SOBEK 
5.1 Introduction  
The crucial factor of reservoir management is to develop a flood early warning system 
that predicts storms, surface runoffs in advance of their actual arrival in a holistic and 
integrated manner. With such a flood early warning system, Marina Barrage will 
contribute significantly to improve the current water supply situation in Singapore. 
With a flood early warning system, if a major storm event were forecasted, there will 
be sufficient time to lower the reservoir water level to provide more storage volume 
within the Marina Reservoir before the actual storm event. Within this flood early 
warning system, one important part is rainfall-runoff model which is the main topic of 
this chapter.  
This study presents a conceptualization of the rainfall-runoff process using the 
hydrodynamic model SOBEK, for an urbanized catchment in Singapore. Singapore 
has a sophisticated and robust storm collection and drainage network, which ensures 
that the rain water can be collected from highly urbanized catchments and routed to 
rivers and reservoirs. For the Marina Bay catchment in Singapore, a rainfall-runoff 
concept was developed using the SOBEK-Urban options for rainfall-runoff modeling, 
and the available conceptualization components were selected to provide a physically 
realistic description of the rainfall-runoff process.  
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Like Chapter 3, this chapter is mainly an extraction of the essence of the Chapter 
―Accurate Rainfall-Runoff Simulation Development of urban rainfall-runoff process 
conceptualization methods‖ of the report ―Multiple-Objective Multi-Reservoir 
Management‖ (Liong et al., 2011) and Chapter ―Sobek Modeling and calibration‖ of 
the report ―Development of a Predictive Control System for Operational Control of 
Marina Barrage‖ (Liong et al., 2008).   This PhD candidate actively participated in the 
aforementioned two chapters.  
As the ―Multiple-Objective Multi-Reservoir Management‖ project is still 
undergoing its development at various fronts while this thesis, with its main focus on 
Rainfall forecasting, is evolving and wrapping-up, this chapter attempts to elucidate 
the inseparable link between rainfall forecasting with rainfall-runoff forecasting.    
The importance of this link is even more pronounced for catchments, such as 
those in Singapore, with a relatively very short time of flow concentration.  As of 
Singapore, the time of flow concentration is less than 30 minutes.  Thus, to take any 
preventive measures in any integrated water resource systems, both rainfall and 
rainfall-runoff forecasting are necessary and immensely important. 
A widely used rainfall-runoff model, SOBEK, is briefly introduced. Model 
conceptualization, model calibration and the model‘s link with the rainfall forecasting 
tools are also discussed. The major contribution of this chapter contains two aspects: 
the well developed rainfall-runoff model according to Singapore‘s reality has been 
PRACTICALLY applied to Marina Barrage project successfully; the approach and 
idea can be extended to the linkage with rainfall forecasting to achieve a complete 
rainfall forecasting and rainfall-runoff forecasting process.  
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5.2 Rainfall-Runoff Model 
5.2.1 SOBEK and Rainfall-Runoff Concept 
SOBEK is an integrated software package for river, urban or rural management 
developed at Delft Hydraulics. Several program modules work together to give a 
comprehensive overview of waterway systems in control. Its integrated framework 
allows SOBEK to link river, canal and sewer systems for a total water management 
solution. The river reach is represented as a one-Dimensional (1D) model while the 
delineation of water from channel and overland flow is represented as a two-
Dimensional (2D) model. 
SOBEK-Urban was used in the ―Development of a Predictive Control System for 
Operational Control of Marina Barrage‖ study (Liong et al., 2008).  SOBEK-Urban 
allows the modeller to design new urban areas or analyze and improve existing ones.  
The rainfall-runoff concept followed two network conceptualization elements; they 
are: (a) Flow – Manhole with Runoff; and (b) Flow – Pipe.  The Manhole stores the 
total runoff (or acts as a collection point for the runoff) and the Pipe conveys the 
stored runoff to the main channel.   
The linear surface runoff is first stored in the Manhole, before being routed via 
the Pipe into the main channel.  Parameters used to describe the manhole are storage 
area (at street level), storage area (at bottom level) and manhole invert level.  The Pipe 
system represents the network of all drainage channels in a sub-catchment. The cross-
section of the pipe is assumed to be rectangular.  Parameters defining the pipe are 
width, Manning n, and slope. 
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Based on the above presented rainfall-runoff concept, seven parameters were 
selected for automatic calibration. They are: Manning n, scaling factor for the storage 
area at the manhole invert level, height of the manhole, runoff factor for impervious 
areas, runoff factor for pervious areas, scaling factor for the pipe width, and scaling 
factor for the downstream invert level of the pipe.  The scaling factor is defined as a 
multiplier, which is applied to provide an overall correction of individual sub-
catchment parameter values. The Marina catchment was divided into four sub-
catchments, namely, Singapore River, Bukit Timah (or Rochor), Kallang and Geylang 
catchments. At the time of the model calibration, flow data used came only from 4 
flow measurement gauges (ADCPs) which were installed during the project at the 
downstream end of the respective catchment outlet. For these four sub-catchments, 
different sets of parameter value or scaling factor were calibrated. Due to data 
constraint and similar physical characteristics of sub-catchments the scaling factor 
approach was adopted to calibrate the catchment model. 
5.2.2 Model Calibration Technique 
SOBEK-Urban was coupled with the Shuffled Complex Evolution (SCE-UA) (Duan 
et al., 1992) calibrating algorithm. In that study, an enhanced version of the SCE-UA, 
developed by Muttil and Liong (2004) was used.  
SCE-UA algorithm was developed to deal with the peculiarities of parameter 
estimation in conceptual rainfall-runoff (CRR) models. It combines the best features 
of "multiple complex shuffling" and "competitive evolution" based on the simplex 
search method (Nelder and Mead, 1965).  SCE-UA begins with an "initial population" 
of points sampled randomly from the feasible space. The population is partitioned into 
one or more complexes, each containing a fixed number of points. Each complex 
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evolves based on a statistical "reproduction" process that uses the "simplex" 
geometric shape to direct the search in the correct direction. Periodically, the entire 
population is shuffled and points are reassigned to complexes to ensure information 
sharing. As the search progresses, the entire population tends to converge toward the 
neighbourhood of the global optimum; this is the case provided the initial population 
size is sufficiently large. Details on the algorithm can be found in Duan et al. (1994). 
The original SCE-UA used an initial population that is randomly generated. In 
―Development of a Predictive Control System for Operational Control of Marina 
Barrage‖ (Liong et al., 2008) an enhanced version of SCE-UA (Muttil and Liong, 
2004) was considered. Muttil and Liong used a systematically selected initial 
population with the aim of achieving a superior exploration-exploitation trade-off.  
Muttil and Liong demonstrated that the enhanced SCE-UA with the systematic initial 
population was more robust and efficient than the original SCE-UA.   
One of the contribution of the PhD candidate is to couple the SCE-UA method 
with the SOBEK model which without the automatic calibration module. Parameter 
calibration is an important part of the hydrology model application which includes 
two manners:  manual calibration and automatic calibration. Automatic calibration 
contains following aspects: Establish the objective function; select the optimization 
method; determine the termination criteria and calibration data collection. Among 
them, the optimization method is the key for the parameter calibration. Through the 
SCE-UA linked automatic calibration, the hydrological parameters could be 
converged to the global optimum with good efficiency.  
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5.2.3 Data collection and model setup 
One of the important and time consuming steps in setting up the SOBEK-Urban 
model is collection of various data for the Marina catchment.  Various data that were 
required are:  rainfall, discharge and water level, tide, channel cross-sections, digital 
elevation model. 
Rainfall, discharge and tidal data were of a 10-minute interval and the model 
runs were hence also taken at the same time step. Rainfall data were made available 
from various measuring stations; Thiessen polygon technique was then applied to 
assign rainfall stations to the respective nearest sub-catchments. Flow monitoring 
stations were installed at three different locations on the Marina Bay catchment and 
discharge and water level measurements were taken at these three locations.  
In SOBEK-Urban, urban catchment areas can be easily modeled in a lumped or 
semi-distributed manner with no limit to the number of sub-catchments. The Marina 
Bay catchment was sub-divided into 227 sub-catchments and the aforementioned 
concept was implemented for each of the 227 sub-catchments. 
5.2.4 Calibration and Validation Results   
When the study was completed, the control gates at the Marina Bay were not fully 
closed yet. As inland water flows, after heavy rainfalls, through the river mouth into 
the sea, the low lying areas and other flood prone areas inland are particularly 
vulnerable to flooding when the sea level is at high tide heightened additionally by 
storm surge. The marina catchment model calibration was thus conducted with the 
tidal influence at its downstream boundary.  During high tides, the water flows 
upstream from the Marina Bay, which is measured as negative values. A brief 
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summary of marina catchment, coupling of the SOBEK and the enhanced SCE-UA 
calibration tool are presented in this section.  
Four sets of a flow measuring equipment (Acoustic Doppler Current Profiler, 
ADCP), to measure water levels and velocities measuring equipment, were installed at 
four different locations as shown in Figure 5-1. For calibrating the SOBEK-Urban 
model, discharge data from 17
th
 – 20th December 2006, a period of heavy storm, was 
selected and used.  
From each of the 4 catchments, the hydrographs resulting from model calibration 
was compared with its counterpart, the measured hydrographs. The same was applied 
to validation. Two objective functions in the model calibration were considered 
separately. These were: (1) minimization of the max peak discharge error (∆Qp) and 
(2) the minimization of root-mean-square-of-the-errors (RMSE).  
Some sample plots for Geylang and Singapore catchment is reproduced in Figure 
5-2 to Figure 5-5. The goodness-of-fit of each catchment were measured in terms of 
the Correlation coefficient (CC).  Their CC values are reproduced in Table 5-1. 
Hydrograph comparisons showed that SOBEK-Urban model performance for the 
calibration run was quite acceptable as it was able to capture the measured peak 
discharge quite well. For example, Figure 5-2 shows the hydrograph comparisons of 
the calibration period for Geylang River. During the heavy period of 14:00 to 15:00 of 
19
th
 Dec 2006, the observed peak value 56 mm was capture by SOBEK model with 
forecast 58 mm. Besides the peak, the whole time series trend was reasonably 
simulated by SOBEK model. However, Figure 5-3 in the validation runs the simulated 
hydrograph showed a similar trend as that of the measured although the simulated 
peak discharge underestimated its measured counterpart. One possible reason can be 
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the complex operation of reservoir, like pumping, operating the gate which affected 
the outflow discharge could not be accurately simulated. The intensity may not match 
accurately with the actual observations; nevertheless, this information is useful as the 
results suggest an occurrence of a heavy event in the forecasted period with accurate 
occurrence time. Hence it is still very useful for decision making, for example, in 
water transfer from one reservoir to the other. Figure 5-4 and figure 5-5 showed the 
similar situation for Singapore River. Further analysis of the discharge forecast should 
be conducted continuously.    
 
5.3 Conclusions 
This chapter introduced the widely used rainfall-runoff model, SOBEK, to model the 
urban catchment‘s response to rainfall events. Model concepts and model calibration 
technique (the Shuffled Complex Evolution) were also addressed.  This model was 
applied to a 100km
2
 urban catchment, Marina catchment, in Singapore.  The model 
was calibrated using the heavy storm of 18
th
 – 20th December 2006 and then validated 
against a storm of 25
th
 – 27th December 2006.  Minimization of the peak discharge 
error (∆Qp) and that of the root-mean-square-of-the-errors (RMSE) were undertaken 
and analyzed separately.  The simulation gave reasonably well simulation results, the 
peak discharges in particular, as indicated by their correlation coefficients in both 
calibration and validation.  
The importance to link the rainfall forecasting (presented in and the rainfall-
runoff forecasting is immensely necessary particularly for catchments with relatively 
very short time of concentrations such as those in Singapore (about 30 minutes). 
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As this thesis is a part of the ongoing ―Multiple-Objective Multi-Reservoir 
Management‖ project (Liong et al., 2011) which would need to transfer water from 
one to other reservoirs effectively and efficiently the same principle of rainfall-runoff 
calibration and validation will have to be implemented.   










RMSE minimized Maximum peak of discharge minimized 
Training Validation Training Validation 
Singapore river 
0.68 0.83 0.66 0.78 
Geylang river 
 
0.82 0.77 0.80 0.77 
Rochor-Kallang 
 
0.74 0.61 0.69 0.62 
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CHAPTER 6  
CONCLUSIONS AND FUTURE WORK 
6.1 Research work summary 
To mitigate the flood in urban cities like Singapore which have relatively very short 
time of concentration, it is necessary to develop a flood early warning system that 
predicted storms and runoffs before their actual arrival in a complete and integrated 
manner. This thesis presented how a combined rainfall forecasting was developed 
through rainfall nowcasting and rainfall forecasting.  Runoff model calibration and 
verification were demonstrated through an earlier project this PhD candidate 
participated in. 
Firstly, the Weather Research and Forecast (WRF) model, a long-term weather 
forecast model, was applied over Singapore for rainfall prediction. Its performance 
was evaluated on various rainfall events to ensure its suitability for Singapore. WRF 
is quite useful to detect and advice storm events at a relatively long lead time, in this 
study up to 24 hours.  In addition, a rainfall nowcasting method, Translation Model 
(TM), was also applied. TM‘s nowcasting results are based on radar with a lead time 
of up to 3 hours.  Results from TM are very encouraging as they have reasonably high 
correlation coefficients with their counterparts, rain cells detected on the radar.   
Results from WRF and TM models were then integrated in the combined rainfall 
forecasting approach. The combined rainfall forecasting covered a full-span of 24 
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hours forecasting by combining the WRF results and TM results to provide a useful 
and reasonably accurate rainfall forecasting. Combined rainfall forecasting provides 
more accurate results than rainfall forecast from a single combined member. 
The thesis also presented an urban rainfall-runoff model, SOBEK, which was 
implemented to simulate runoff for the Marina catchment. There calibration of 
SOBEK, with the use of an optimization technique (Shuffle Complex Evolution), 
followed by verification were demonstrated.  It should be noted, however, SOBEK 
was calibrated when the Marina bay was still open.  The approach presented in this 
thesis can be followed for the current operational condition in the future work.  
One key contribution of this study is the exploration of a combined rainfall 
forecasting approach which utilizes results from numerical weather prediction model 
(WRF) and radar based rainfall nowcasting model (TM).  The combined model aims 
to provide an algorithm with higher prediction precision than its individual component, 
WRF or TM. Weighting factors of 0.7 and 0.3 have been used and assigned to results 
from TM and WRF, respectively.  This finding is significant since the combined 
rainfall forecasting model can forecast storms reasonably accurate many hours in 
advance; this is particularly important for Singapore due to its small size, high rainfall 
intensity, and the relatively very short time of concentration. 
6.2 Future works 
The skill of weather prediction has, however, steadily improved over the past years 
with the help of higher resolution models, improved understanding of its physics, 
remote sensing data and better data assimilation methods. The skill of predicting 
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intense precipitation has, however, remained low and has barely increased over the 
past decade (Hamill et al., 2007). 
It is suggested that future rainfall forecast research should:  
1. Consider a high-resolution limited area weather forecasting model (WRF) with 
a 1x1 km grid size and limited to the territory of greater Singapore; 
2. Adopt satellite borne quantitative precipitation estimation (QPE) products; 
3. Combine data from the weather model, radar, and ground stations;  
4. Implement data assimilation to yield higher prediction accuracy for longer 
lead time; and  
5. Fine tune further the weighting factors assigned to results obtained from WRF 
and TM. 
The improved combined rainfall forecasting model should then be linked to a 
calibrated rainfall-runoff model such as SOBEK.  The forecast runoff would provide 
useful information for: (1) flood early warning; (2) reservoir operation which includes 
optimizing the transfer of water from one reservoir to another.   
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APPENDIX A  
PARAMETERIZATION OPTIONS 
WRF offers multiple physics options that can be combined in any way. The options 
typically range from simple and efficient to sophisticated and more computationally 
costly, and from newly developed schemes to well tried schemes such as those in 
current operational models. Table A-1 is the summary list for the physics 
parameterization options which been chosen in Chapter 2.  
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A complete list of parameterization options that were tested are given in the Appendix 
B. The optimal physics configuration that was chosen is case 16: Betts-Miller-Janjic 
(cumulus convection); Yonsei University Scheme (planetary boundary scheme); 
Thompson (microphysics scheme). Added to these choices the RRTMG scheme for 
radiation and the NOAH land surface model were also used as additional physics 
options. 
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Table B-1 Each case refers to the options of parameterizations available under each category and then 
used a combined suite 
 



































































































































Case15 Betts- Mellor- Thompson RRTMG RRTMG 
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COMPARISON OF WRF RESULTS WITH 
OBSERVED RAINFALL  
In Appendix C, four stations were arranged in C-1 Tengah, C-2 Seletar, C-3 
PayaLebar and C-4 Simei. From the Figure C-1 to Figure C-17 in Appendix C, we can 
conclude that WRF model has the ability to forecast the heavy rainfall to make an 
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C-1 Tengah Station 
 
 
Figure C-1 Comparison between observed and simulated WRF rainfall data on 5
th
 Nov 2009 at Tengah 
Station: (a) WRF started at 8:00 of 4
th
 Nov; (b) WRF started at 14:00 of 4
th
 Nov; (c) WRF started at 
20:00 of 4
th













































Figure C-2 Comparison between observed and simulated WRF rainfall data on 19th Nov 2009 at 
Tengah Station: (a) WRF started at 8:00 of 18th Nov; (b) WRF started at 14:00 of 18th Nov; (c) WRF 










































Figure C-3 Comparison between observed and simulated WRF rainfall data on 27
th
 Nov 2009 at 
Tengah Station: (a) WRF started at 8:00 of 26
th
 Nov; (b) WRF started at 14:00 of 26
th
 Nov; (c) WRF 
started at 20:00 of 26
th


















































Figure C-4 Comparison between observed and simulated WRF rainfall data on 28
th
 Nov 2009 at 
Tengah Station: (a) WRF started at 8:00 of 27
th
 Nov; (b) WRF started at 14:00 of 27
th
 Nov; (c) WRF 
started at 20:00 of 27
th
















































Figure C-5 Comparison between observed and simulated WRF rainfall data on 27
th
 Dec 2009 at 
Tengah Station: (a) WRF started at 8:00 of 26
th
 Dec; (b) WRF started at 14:00 of 26
th
 Dec; (c) WRF 
started at 20:00 of 26
th
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C-2  Seletar Station 
 
 
Figure C-6 Comparison between observed and simulated WRF rainfall data on 5
th
 Nov 2009 at Seletar 
Station: (a) WRF started at 8:00 of 4
th
 Nov; (b) WRF started at 14:00 of 4
th
 Nov; (c) WRF started at 
20:00 of 4
th

















































Figure C-7 Comparison between observed and simulated WRF rainfall data on 18
th
 Nov 2009 at Seletar 
Station: (a) WRF started at 8:00 of 17
th
 Nov; (b) WRF started at 14:00 of 17
th
 Nov; (c) WRF started at 
20:00 of 17
th













































Figure C-8  Comparison between observed and simulated WRF rainfall data on 19
th
 Nov 2009 at 
Seletar Station: (a) WRF started at 8:00 of 18
th
 Nov; (b) WRF started at 14:00 of 18
th
 Nov; (c) WRF 
started at 20:00 of 18
th














































Figure C-9 Comparison between observed and simulated WRF rainfall data on 26
th
 Nov 2009 at Seletar 
Station: (a) WRF started at 8:00 of 26
th
 Nov; (b) WRF started at 14:00 of 26
th
 Nov; (c) WRF started at 
20:00 of 26
th










































Figure C-10 Comparison between observed and simulated WRF rainfall data on 2 Dec 2009 at Seletar 
Station: (a) WRF started at 8:00 of 1 Dec; (b) WRF started at 14:00 of 1 Dec; (c) WRF started at 20:00 











































Figure C-11 Comparison between observed and simulated WRF rainfall data on 4 Dec 2009 at Seletar 
Station: (a) WRF started at 8:00 of 3 Dec; (b) WRF started at 14:00 of 3 Dec; (c) WRF started at 20:00 
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C-3  Paya Lebar Station  
 
 
Figure C-12 Comparison between observed and simulated WRF rainfall data on 5
th
 Nov 2009 at 
PayaLebar Station: (a) WRF started at 8:00 of 4
th
 Nov; (b) WRF started at 14:00 of 4
th
 Nov; (c) WRF 
started at 20:00 of 4
th














































Figure C-13 Comparison between observed and simulated WRF rainfall data on 19
th
 Nov 2009 at 
PayaLebar Station: (a) WRF started at 8:00 of 18
th
 Nov; (b) WRF started at 14:00 of 18
th
 Nov; (c) WRF 
started at 20:00 of 18
th











































Figure C-14 Comparison between observed and simulated WRF rainfall data on 2 Dec 2009 at 
PayaLebar Station: (a) WRF started at 8:00 of 1Dec; (b) WRF started at 14:00 of 1Dec; (c) WRF 










































Figure C-15 Comparison between observed and simulated WRF rainfall data on 4
th
 Dec 2009 at 
PayaLebar Station: (a) WRF started at 8:00 of 3 Dec; (b) WRF started at 14:00 of 3 Dec; (c) WRF 
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C-5  Simei Station  
 
 
Figure C-16 Comparison between observed and simulated WRF rainfall data on 5th Nov 2009 at Simei 
Station: (a) WRF started at 8:00 of 4
th
 Nov; (b) WRF started at 14:00 of 4
th
 Nov; (c) WRF started at 
20:00 of 4
th













































Figure C-17 Comparison between observed and simulated WRF rainfall data on 18
th
 Nov 2009 at Simei 
Station: (a) WRF started at 8:00 of 17
th
 Nov; (b) WRF started at 14:00 of 17
th
 Nov; (c) WRF started at 
20:00 of 17
th









































APPENDIX D  
COMPARISON OF COMBINED 
RAINFALL FORECASTING WITH 
OBSERVED RAINFALL  
This appendix showed 4 rainfall events in addition to those presented in the main text 
of Chapter 4.  Table D-1 to Table D-4 listed respectively summary of those 4 rainfall 
events‘ parameters (occurrence time, maximum or peak rainfall intensity, total rainfall 
volume) resulting from the simulated and the observed rainfall.  Figures D-1 to D-42 
presented the plots of 4 rainfall events for each of the 5 stations.  
For rainfall events on 20
th
 Nov 2009, Figures D-1 to D-11 and Table D-1 showed 
that the Combined Rainfall Forecasting underestimated the observed rainfall in both 
peak value and volume quantity.  For Seletar station, TM forecasted no rain on 20
th
 
Nov 2009. Radar images were analyzed for this period. Figure D-6 showed radar 
images of 20
th
 Nov 2009 from 11:30 to 14:00. Rain cells scattered throughout 
Singapore only after 13:30. However, high intensity rain cells occurred during 13:30 
to 14:00 was not above Seletar station. As TM model adopted the past continuous 30 
minutes radar images to produce the next 3 hours forecast and the radar image could 
not capture the rain cells over Seletar station, therefore TM forecasted nothing from 
12:00 to 14:00. 




For the next three events (4
th
 Dec 2009, 24
th
 Dec 2009, 16
th
 June 2010), Tables 
D-2 to D-4 clearly showed a good match between Combined rainfall forecasting and 
observed rainfalls. Radar images of 4
th
 Dec 2009 rainfall event shown in Figure D-15 
explained why the TM forecasted no rain in Tengah station as rain cells occurred in 
the eastern part of Singapore (i.e. not in the Tengah station which is on the western 
part of Singapore). Results in Figure D-23 to Figure D-32 demonstrated that both 
WRF and TM performed well on 24
th
 Dec 2009; therefore the Combined rainfall can 
reasonably simulate that event. For heavy rainfall event on 16
th
 Jun 2010 (which 
caused severe flooding at the Orchard Road and about 100 mm of rain fell within a 
two-hour period from about 9 am to 11 am) WRF could not capture that even.  
However, TM captured accurately both rainfall parameters, time of occurrence and 
volume. Overall, Combined Rainfall Forecasting which combines the results from 












































Table D-1 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 20
th




Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 
























13:00 17:00 1.54 5.64 












13:00 15:00 1.39 4.87 












13:00 15:00 0.89 3.31 












13:00 17:00 2.05 5.26 












13:00 17:00 2 5.73 















































Table D-2 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 4
th




Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 
























12:00 22:00 14.45 37.0 












12:00 16:00 29.06 32.4 












12:00 16:00 11.68 19.89 












12:00 21:00 29.66 58.59 












12:00 22:00 7.57 38.53 













































Table D-3 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 24
th




Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 
























9:00 11:00 7.74 16.11 












9:00 12:00 2.74 6.65 












9:00 12:00 6.67 13.76 












9:00 11:00 6.5 17.39 












9:00 11:00 6.1 16.76 
















































Table D-4 Summary of comparison of essential rainfall parameters between observed and combined rainfall forecasting results: Rainfall Event on 16
th





Date of Rainfall 
Event 




Occurrence time of Maximum 
Rainfall Intensity in 12- hour 
period 
(hr) 
Maximum Rainfall Intensity 
 
(mm) 
























10:00 11:00 17.36 33.75 












10:00 13:00 10.86 37.3 












10:00 11:00 36.61 78.22 












10:00 11:00 26.38 43.15 












10:00 11:00 22.76 29.34 
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Figure D-1 Comparison between observed and simulated WRF and TM rainfall data on 20
th
 Nov 2009 at Changi Station: (a) WRF started at 2:00 of 20
th
 Nov; (b) WRF started 
at 8:00 of 20
th
 Nov; (c) TM started at 12:00 of 20
th
 Nov; (d) TM started at 13:00 of 20
th
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Figure D-2 Comparison between observed and Combined rainfall data on 20
th
 Nov 2009 at Changi Station: (a) Combined rainfall started at 12:00 of 20
th
 Nov; (b) Combined 
rainfall started at 13:00 of 20
th
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Figure D-3 Comparison between observed and simulated WRF and TM rainfall data on 20
th
 Nov 2009 at Tengah Station: (a) WRF started at 2:00 of 20
th
 Nov; (b) WRF started 
at 8:00 of 20
th
 Nov; (c) TM started at 12:00 of 20
th
 Nov; (d) TM started at 13:00 of 20
th


















































































                             














    2009-11-20



















    2009-11-20



















    2009-11-20






Figure D-4 Comparison between observed and Combined rainfall data on 20
th
 Nov 2009 at Tengah Station: (a) Combined rainfall started at 12:00 of 20
th
 Nov; (b) Combined 
rainfall started at 13:00 of 20
th
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Figure D-5 Comparison between observed and simulated WRF and TM rainfall data on 20
th
 Nov 2009 at Seletar Station: (a) WRF started at 2:00 of 20
th
 Nov; (b) WRF started 
at 8:00 of 20
th
 Nov; (c) TM started at 12:00 of 20
th
 Nov; (d) TM started at 13:00 of 20
th
 Nov; (e) TM started at 14:00 of 20
th
 Nov 
















































































        
                       
Figure D-6 Radar Image on 20th Nov 2009 (a) at 11:33; (b) at 11:42; (c)at 11:50;(d)at 11:59;(e)at 12:33;(f)at 12:42 













































                          
             
Figure D-6 (continued) Radar Image on 20
th
 Nov 2009 (g) at 12:51; (h)at 12:59;(i)at 13:33;(j)at 13:42;(k)at 13:50; (l)at 13:59 
  g                                                                            h                                                                      i 
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Figure D-7 Comparison between observed and Combined rainfall data on 20
th
 Nov 2009 at Seletar Station: (a) Combined rainfall started at 12:00 of 20
th
 Nov; (b) Combined 
rainfall started at 13:00 of 20
th
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Figure D-8 Comparison between observed and simulated WRF and TM rainfall data on 20
th
 Nov 2009 at PayaLebar Station: (a) WRF started at 2:00 of 20
th
 Nov; (b) WRF 
started at 8:00 of 20
th
 Nov; (c) TM started at 12:00 of 20
th
 Nov; (d) TM started at 13:00 of 20
th
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Figure D-9 Comparison between observed and Combined rainfall data on 20
th
 Nov 2009 at PayaLebar Station: (a) Combined rainfall started at 12:00 of 20
th
 Nov; (b) Combined 
rainfall started at 13:00 of 20
th
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Figure D-10 Comparison between observed and simulated WRF and TM rainfall data on 20
th
 Nov 2009 at Simei Station: (a) WRF started at 2:00 of 20
th
 Nov; (b) WRF started 
at 8:00 of 20
th
 Nov; (c) TM started at 12:00 of 20
th
 Nov; (d) TM started at 13:00 of 20
th
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Figure D-11 Comparison between observed and Combined rainfall data on 20
th
 Nov 2009 at Simei Station: (a) Combined rainfall started at 12:00 of 20
th
 Nov; (b) Combined 
rainfall started at 13:00 of 20
th
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Figure D-12 Comparison between observed and simulated WRF and TM rainfall data  on 4
th
 Dec 2009 at Changi Station: (a) WRF started at 2:00 of 4
th
 Dec; (b) WRF started at 
8:00 of 4
th
 Dec; (c) TM started at 11:00 of 4
th
 Dec; (d) TM started at 12:00 of 4
th
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Figure D-13 Comparison between observed and Combined rainfall data on 4
th
 Dec 2009 at Changi Station: (a) Combined rainfall started at 11:00 of 4
th
 Dec; (b) Combined 
rainfall started at 12:00 of 4
th
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Figure D-14 Comparison between observed and simulated WRF and TM rainfall data on 4
th
 Dec 2009 at Tengah Station: (a) WRF started at 2:00 of 4
th
 Dec; (b) WRF started at 
8:00 of 4
th
 Dec; (c) TM started at 11:00 of 4
th
 Dec; (d) TM started at 12:00 of 4
th


















































































                                            
                                           
Figure D-15 Radar Image on 4
th
 Dec 2009 (a) at 10:30; (b)at 10:39; (c)at 10:47;(d) at 11:00;(e)at 11:30 (f) at 11:39 
        a                                                                            b                                                                                      c 










































                           
                
Figure D-15(continued)  Radar Image on 4
th
 Dec 2009 (g) at 11:47; (h) at 11:56; (c)at 12:31;(d)at 12:39;(e)at 12:48; (l) at 12:56 
  g                                                                           h                                                                      i 
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Figure D-16 Comparison between observed and Combined rainfall data on 4
th
 Dec 2009 at Tengah Station: (a) Combined rainfall started at 11:00 of 4
th
 Dec; (b) Combined 
rainfall started at 12:00 of 4
th
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Figure D-17 Comparison between observed and simulated WRF and TM rainfall data on 4
th
 Dec 2009 at Seletar Station: (a) WRF started at 2:00 of 4
th
 Dec; (b) WRF started at 
8:00 of 4
th
 Dec; (c) TM started at 11:00 of 4
th
 Dec; (d) TM started at 12:00 of 4
th
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Figure D-18 Comparison between observed and Combined rainfall data on 4
th
 Dec 2009 at Seletar Station: (a) Combined rainfall started at 11:00 of 4
th
 Dec; (b) Combined 
rainfall started at 12:00 of 4
th
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Figure D-19 Comparison between observed and simulated WRF and TM rainfall data on 4
th
 Dec 2009 at PayaLebar Station: (a) WRF started at 2:00 of 4
th
 Dec; (b) WRF started 
at 8:00 of 4
th
 Dec; (c) TM started at 11:00 of 4
th
 Dec; (d) TM started at 12:00 of 4
th
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Figure D-20 Comparison between observed and Combined rainfall data on 4
th
 Dec 2009 at PayaLebar Station:(a) Combined rainfall started at 11:00 of 4
th
 Dec; (b) Combined 
rainfall started at 12:00 of 4
th
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Figure D-21 Comparison between observed and simulated WRF and TM rainfall data on 4
th
 Dec 2009 at Simei Station: (a) WRF started at 2:00 of 4
th
 Dec; (b) WRF started at 
8:00 of 4
th
 Dec; (c) TM started at 11:00 of 4
th
 Dec; (d) TM started at 12:00 of 4
th
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Figure D-22 Comparison between observed and Combined rainfall data on 4
th
 Dec 2009 at Simei Station: (a) Combined rainfall started at 11:00 of 4
th
 Dec; (b) Combined 
rainfall started at 12:00 of 4
th
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Figure D-23 Comparison between observed and simulated WRF and TM rainfall data on 24
th
 Dec 2009 at Changi Station:(a) WRF started at 20:00 of 23
th
 Dec; (b) WRF started 
at 2:00 of 24
th
 Dec; (c) TM started at 8:00 of 24
th
 Dec; (d) TM started at 9:00 of 24
th
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Figure D-24 Comparison between observed and Combined rainfall data on 24
th
 Dec 2009 at Changi Station:(a) Combined rainfall started at 8:00 of 24
th
 Dec; (b) Combined 
rainfall started at 9:00 of 24
th
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Figure D-25 Comparison between observed and simulated WRF and TM rainfall data on 24
th
 Dec 2009 at Tengah Station: (a) WRF started at 20:00 of 23
th
 Dec; (b) WRF 
started at 2:00 of 24
th
 Dec; (c) TM started at 8:00 of 24
th
 Dec; (d) TM started at 9:00 of 24
th
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Figure D-26 Comparison between observed and Combined rainfall data on 24
th
 Dec 2009 at Tengah Station: (a) Combined rainfall started at 8:00 of 24
th
 Dec; (b) Combined 
rainfall started at 9:00 of 24
th
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Figure D-27 Comparison between observed and simulated WRF and TM rainfall data on 24
th
 Dec 2009 at Seletar Station: (a) WRF started at 20:00 of 23
th
 Dec; (b) WRF started 
at 2:00 of 24
th
 Dec; (c) TM started at 8:00 of 24
th
 Dec; (d) TM started at 9:00 of 24
th
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Figure D-28 Comparison between observed and Combined rainfall data on 24
th
 Dec 2009 at Seletar Station: (a) Combined rainfall started at 8:00 of 24
th
 Dec; (b) Combined 
rainfall started at 9:00 of 24
th
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Figure D-29 Comparison between observed and simulated WRF and TM rainfall data on 24
th
 Dec 2009 at PayaLebar Station: (a) WRF started at 20:00 of 23
th
 Dec; (b) WRF 
started at 2:00 of 24
th
 Dec; (c) TM started at 8:00 of 24
th
 Dec; (d) TM started at 9:00 of 24
th
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Figure D-30 Comparison between observed and Combined rainfall data on 24
th
 Dec 2009 at PayeLebar Station: (a) Combined rainfall started at 8:00 of 24
th
 Dec; (b) Combined 
rainfall started at 9:00 of 24
th
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Figure D-31 Comparison between observed and simulated WRF and TM rainfall data on 24
th
 Dec 2009 at Simei Station: (a) WRF started at 20:00 of 23
th
 Dec; (b) WRF started 
at 2:00 of 24
th
 Dec; (c) TM started at 8:00 of 24
th
 Dec; (d) TM started at 9:00 of 24
th
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Figure D-32 Comparison between observed and Combined rainfall data on 24
th
 Dec 2009 at Simei Station: (a) Combined rainfall started at 8:00 of 24
th
 Dec; (b) Combined 
rainfall started at 9:00 of 24
th
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Figure D-33 Comparison between observed and simulated WRF and TM rainfall data  on 16
th 
Jun 2010 at Changi Station: (a) WRF started at 20:00 of 15
th
 Jun; (b) WRF started 
at 2:00 of 16
th
 Jun; (c) TM started at 9:00 of 16
th
 Jun; (d) TM started at 10:00 of 16
th
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Figure D-34 Comparison between observed and Combined rainfall data on 16
th 
Jun 2010 at Changi Station: (a) Combined rainfall started at 9:00 of 16
th 
Jun 2010; (b) Combined 
rainfall started at 10:00 of 16
th 
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Figure D-35 Comparison between observed and simulated WRF and TM rainfall data on 16
th 
Jun 2010 at Tengah Station: (a) WRF started at 20:00 of 15
th
  Jun; (b) WRF started 
at 2:00 of 16
 th
 Jun; (c) TM started at 9:00 of 16
 th
 Jun; (d) TM started at 10:00 of 16
 th
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Figure D-36 Comparison between observed and Combined rainfall data on 16
th 
Jun 2010 at Tengah Station: (a) Combined rainfall started at 9:00 of 16
th 
Jun 2010; (b) Combined 
rainfall started at 10:00 of 16
th 
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Figure D-37 Comparison between observed and simulated WRF and TM rainfall data on 16
th 
Jun 2010 at Seletar Station:(a) WRF started at 20:00 of 15
th
 Jun; (b) WRF started 
at 2:00 of 16
th
 Jun; (c) TM started at 9:00 of 16
th
 Jun; (d) TM started at 10:00 of 16
th
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Figure D-38 Comparison between observed and Combined rainfall data on 16
th 
Jun 2010 at Seletar Station: (a) Combined rainfall started at 9:00 of 16
th 
Jun 2010; (b) Combined 
rainfall started at 10:00 of 16
th 
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Figure D-39 Comparison between observed and simulated WRF and TM rainfall data on 16
th 
Jun 2010 at PayaLebar Station:(a) WRF started at 20:00 of 15
th
 Jun; (b) WRF 
started at 2:00 of 16
th
 Jun; (c) TM started at 9:00 of 16
th
 Jun; (d) TM started at 10:00 of 16
th
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Figure D-40 Comparison between observed and Combined rainfall data on 16
th 
Jun 2010 at PayaLebar Station: (a) Combined rainfall started at 9:00 of 16
th 
Jun 2010; (b) 
Combined rainfall started at 10:00 of 16
th 
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Figure D-41 Comparison between observed and simulated WRF and TM rainfall data on 16
th 
Jun 2010 at Simei Station: (a) WRF started at 20:00 of 15
th
 Jun; (b) WRF started at 
2:00 of 16
th
 Jun; (c) TM started at 9:00 of 16
th
 Jun; (d) TM started at 10:00 of 16
th
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Figure D-42 Comparison between observed and Combined rainfall data on 16
th 
Jun 2010 at Simei Station:(a) Combined rainfall started at 9:00 of 16
th 
Jun 2010; (b) Combined 
rainfall started at 10:00 of 16
th 
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